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Summary

1. Prenatal alcohol exposure impairs kidney
development resulting in a reduced nephron number.
However, the mechanism through which alcohol acts to
disrupt renal development is largely unknown. Retinoic
acid is critically involved in kidney dev elopment and it has
been proposed that a diminished concentration is a
contributing factor to fetal alcohol syndrome.

2. In this study we proposed that the ethanol-induced
inhibition of ureteric branching morphogenesis and
glomerular development in the cultured rat kidney would be
ameliorated by co-culture with exogenous retinoic acid, and
that examining the expression profile of key genes involved
in the development of the kidney would provide insights
into potential molecular pathways involved.

3. Whole rat metanephroi cultured in the presence of
exogenous retinoic acid without ethanol appeared larger
and had significantly more ureteric branch points, tips and
glomeruli than metanephroi cultured in control media.
Those cultured in the presence of ethanol alone (0.2%) had
20% fewer ureteric branch points, tips and glomeruli, which
was ameliorated by co-culture with retinoic acid.

4. Gene expression analysis identified changes in the
expression levels of enzymes involved in the metabolism of
alcohol, in conjunction with changes in key regulators of
kidney dev elopment including cRET.

5. These results demonstrate that the teratogenic
effects of alcoholin vitro on kidney dev elopment resulting
in reduced ureteric branching morphogenesis and
glomerular development can be ameliorated through co-
culture with retinoic acid. These results provide the
foundation for future research into the mechanism through
which alcohol acts to disrupt kidney dev elopment.

Introduction

Alcohol (ethanol) is commonly consumed by
pregnant women in western society despite the knowledge
that it is a known teratogen and the effects of chronic
ethanol exposure on the developing fetus have been well
established.1-3 However, the effects of acute ethanol
exposure (equivalent of 3-4 standard drinks on one or two
occasions) have been less well characterised.It has been
demonstrated that acute ethanol exposure in animal studies
results in neuroapoptosis,4,5 reduced brain growth6 and
pulmonary alveolar dysfunction.7 Furthermore, we have
recently shown that acute ethanol exposure in the pregnant
rat results in fetal growth restriction and a 10% elevation in

blood pressure at 6 months of age in conjunction with a
15% reduction in nephron number identified at postnatal
day 30.8 This is important as the reduced nephron
endowment is permanent and has been linked to the
development of adult-onset diseases, such as
hypertension.9,10 However, the number of studies
investigating the mechanism through which ethanol affects
the developing kidney is limited. In chronic studies of
ethanol-exposed animals, adverse affects on kidney
development, through a reduction in DNA and protein
content were observed.11

Mammalian kidney dev elopment involves complex
molecular reciprocal interactions between the ureteric tree
and the surrounding metanephric mesenchyme.12,13

Branching of the ureteric tree is a critical process and plays
a significant role in determining nephron number, as new
nephrons only form adjacent to ureteric tips.The reduced
nephron number observed following fetal ethanol exposure
may be a result of reduced ureteric branching.In support of
this we have recently identified that embryonic kidneys
cultured in the presence of ethanol for 48 h had 15% fewer
ureteric branch points and tips and 20% fewer developing
glomeruli.8 However, it is largely unknown through which
molecular pathways ethanol may be exerting its effects.

Retinoic acid (RA), a Vitamin A derivative, and its
receptors play critical roles in kidney dev elopment.4,14 In an
early study, Wilson and colleagues (1953) showed that
maternal vitamin A deficiency resulted in renal hypoplasia
in rats which could be prevented by vitamin A
administration to pregnant animals.15 Ethanol metabolism
and RA synthesis share a common enzymatic pathway,
which includes alcohol dehydrogenase (ADH) and
aldehyde dehydrogenase (ALDH). It has been
demonstrated in animal models that following ethanol
exposure there is a transient reduction in the concentration
of plasma RA.16,17 In addition, it has been shown that the
number of glomeruli in whole cultured rat metanephroi is
increased after exogenous RA administration.18 It has been
proposed that a transient reduction in RA levels is a
contributing factor to the developmental presentation of
fetal alcohol syndrome (FAS).17,19 In the present study, we
hypothesised that ethanol-induced inhibition of ureteric
branching morphogenesis in rat metanephric culture is due
to decreased RA and would thus be ameliorated by co-
culture with exogenous RA.

To further delineate the relationship between alcohol,
RA and renal development we examined the expression
levels of the key genes involved in branching
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morphogenesis [glial cell line-derived neurotrophic factor
(GDNF), and its receptor tyrosine kinase receptor RET
(cRET)], and enzymes common to the RA and alcohol
metabolism pathways [alcohol dehydrogenase class 1
(ADH-1), aldehyde dehydrogenase 1 and 2 (ALDH-1a2,
ALDH-2) and the retinoic acid receptor RXRα].

Methods

Animals

All animal experiments were approved by the Animal
Ethics Committee of Monash University, and conducted in
accordance with the guidelines of the National Health and
Medical Research Council of Australia.Rats had ad
libitum access to standard chow and water with a 12 h
light/dark cycle.

Whole metanephric organ culture

Sprague-Dawley female rats (Monash Animal Services)
were time-mated for 4 h where presence of a vaginal plug
indicated time of mating, designated as embryonic day 0.5
(E0.5). At E14.5, pregnant Sprague-Dawley rats were
surgically anaesthetised with pentobarbitone sodium
(Lyppard Holdings ltd; Australia), and their embryos
removed and weighed. Whole metanephroi were isolated
from embryos within a weight range of 130-150mg and
individually placed on microporous polycarbonate
membrane with 3.0µm cylindrical pores (Osmonics
Poretics, New South Wales, Australia) in 24-well tissue
culture plates with wells containing 350µl of serum-free
culture media at 37°C and 5% CO2. The culture medium
consisted of DMEM:Ham’s F12 liquid medium (Sigma-
Aldrich) supplemented with 5µg/ml transferrin (Sigma-
Aldrich), 12.9µl/ml L-glutamine (Sigma-Aldrich),
penicillin (100U/ml), and streptomycin (100µg/ml).
Metanephroi were allocated randomly into one of the
following six culture groups:0% ethanol (control); 0%
ethanol plus 10nM RA; 0% ethanol plus 20nM RA; 0.2%
ethanol; 0.2% ethanol plus 10nM RA; or 0.2% ethanol plus
20nM RA. To inv estigate the effects of ethanol and/or RA
on ureteric branching morphogenesis, metanephroi were
cultured for 48 h with media replaced after 24 h.To
determine the effects of ethanol and/or RA on glomerular
number, metanephroi were cultured for 5 days, with media
replaced after 24 h and then left for the following 4 days.
At the conclusion of the culture period, metanephroi were
fixed for examination using whole-mount
immunofluorescence microscopy.

Immunofluorescence staining

At the end of the culture period, metanephroi were
fixed in methanol at −20°C for a minimum of 15 min.After
fixation, for visualisation of the ureteric tree, metanephroi
were washed briefly in 1% Tween 20 (PBST) and incubated
with primary antibody (monoclonal mouse anti-pan
cytokeratin (Sigma-Aldrich)) at a dilution of 1:100 at 37°C
for 2 h. Metanephroi were then washed thoroughly in
PBST before addition of the secondary antibody; Alexa 488

goat anti-mouse IgG (Molecular Probes, Eugene, OR) at a
dilution of 1:100 at 37°C for 2 h.Metanephroi were then
washed in PBST before mounting in PBS/glycerol
mounting media (Sigma-Aldrich).

Quantification of ureteric branching morphogenesis

Following immunostaining, metanephroi were
visualized using an epifluorescence microscope (Olympus)
and manually skeletonised. Uretericbranch points and tips
were counted. Branch points were defined as the
intersection of three or more branches (lines on the
skeletonised image).

Lectin histochemistry

Following fixation, those metanephroi to be prepared
for glomerular number estimation were briefly washed in
PBS. They were incubated in 50mM NH4Cl at room
temperature for 1 h following which the tissue was
permeabilized with 0.1% saponin in PBS for 1 h at room
temperature. Afterdigestion with 2% H2O2 in methanol at
room temperature for 30 min, metanephroi were washed in
0.1% saponin in PBS for 30 min. Metanephroi were then
incubated in 0.1U/ml of neuraminidase fromVibrio
cholerae (Sigma-Aldrich) in 1% CaCl2 in PBS for 2 h at
37°C, before being washed twice for 30 min in 0.2%
saponin in PBS. Metanephroi were then incubated in
rhodamine-labelled peanut agglutinin (PNA) (50µg/ml;
Sigma-Aldrich) in 0.3% Triton in PBS with 0.1M ions
(MgCl2, MnCl2, CaCl2) overnight at 4°C. Metanephroi
were then extensively washed in 0.1% saponin to remove
excess PNA and then mounted on cavity slides with
fluorescence preserving mounting media (Sigma-Aldrich).

Quantification of glomerular number

Following lectin PNA histochemistry, metanephroi
cultured for 5 days were observed under an epifluorescence
microscope for direct counting of glomeruli.

Gene expression studies

Gene expression analysis was performed in
metanephroi cultured for 48 h under the six conditions.
Three to six pools of RNA were collected with each pool
containing 10 metanephroi derived from 10 embryos and at
least 5 dams.At the end of the culture period, total RNA
was extracted using RNeasy extraction kits (Qiagen).One
µg of each RNA sample was reverse transcribed as
previously described.20

Relative Gene expression

Levels were determinedvia real-time PCR using an
Applied Biosystems One step Machine.Sequences and
optimal working concentrations have previously been
published.8,20 A comparative cycle of threshold
fluorescence (CT) method was used with 18S as an internal
control.
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Figure 1. Immunofluorescence images of the ureteric tree
of whole rat metanephroi.The panels show results after
48 h culture in media containing:A: 0% ethanol;B: 0%
ethanol and RA;C: 0.2% ethanol;D: 0.2% ethanol and RA.
Note: results for RA at 10nM or 20nM are combined (see
text for details).

Calculation of relative gene expression

The CT values for 18S were subtracted from the CT
value for the gene of interest to give a∆CT for each sample.
The ∆CT of the calibrator (the mean∆CT for the control
group (0% ethanol) was then subtracted from each sample
to give a ∆∆CT value. This was then inserted into the
equation 2-∆∆CT to give a final expression level relative to
the calibrator.

Statistics

Values are means± SEM except where otherwise
indicated. Alldata for the 0% ethanol & 10nM RA and 0%
ethanol & 20nM RA were merged as there were no
significant differences between these two groups for any of
the parameters examined. Thiswas also the case for the
0.2% ethanol & 10nM RA and 0.2% ethanol & 20nM RA
groups. Aone-way ANOVA was utilised for analysis of
ureteric branching morphogenesis, glomerular number and
real-time PCR data across the four groups.A Tukey’s post-
hoc test was utilised to identify differences between groups.
Significance was accepted atp<0.05.

Results

Exogenous retinoic acid rescues ureteric branching
morphogenesis in the presence of ethanol

Metanephroi cultured in the presence of RA (with or
without alcohol) appeared larger than metanephroi cultured
without RA (Figure 1). Furthermore, culture of
metanephroi in the presence of ethanol did not alter the

qualitative appearance of the ureteric tree (Figure 1).
However, quantitative analysis of the ureteric tree after 2
days of culture in the presence of ethanol (0.2%) identified
a 20% reduction in ureteric branch points and tips
compared to control metanephroi (Figure 2).Quantitative
analysis revealed that addition of RA to both control and
ethanol cultures significantly increased the number of
ureteric branch points in comparison to metanephroi
cultured in control media or media containing ethanol
(Figure 2). A similar effect was observed for ureteric tips
(Figure 2).

Exogenous retinoic acid rescues glomerular number in
presence of ethanol

Culture in the presence of ethanol also adversely
affected glomerular development. Metanephroicultured for
5 days in the presence of ethanol contained 25% fewer
glomeruli than metanephroi cultured in control media
(Figure 2). The addition of exogenous RA to both control
cultures and ethanol cultures significantly increased the
number of glomeruli at 5 days in comparison to
metanephroi cultured in control media or ethanol-
supplemented media.Significantly, co-culture with ethanol
and RA resulted in a similar glomerular number to that
observed in control cultures (Figure 2).

Gene expression

Compared to vehicle, the relative mRNA lev els of
ADH-1 were significantly elevated in the presence of
ethanol and RA. Ethanol alone caused an intermediate
effect that was not different to either vehicle (p=0.09) or 2%
EtOH & RA (p=0.07). However, there was no change in
the relative lev els for ALDH-1a2. Similarly, relative lev els
of ALDH-2 mRNA and GDNF mRNA were similar in the
four culture groups.Interestingly, the expression level of
the major GDNF receptor cRET was not significantly
affected by culture in ethanol, but when cultured in the
presence of RA its expression level was significantly
increased. Therelative expression level of the retinoic acid
receptor RXRα tended to be lower in kidneys cultured in
0% ethanol supplemented with RA (p=0.07), ethanol
(p=0.09) and ethanol supplemented with RA (p=0.08)
compared to vehicle (Figure 3). In addition, there was no
change in the expression of the apoptotic markers, BAX
and Bcl-2 between groups (data not shown).

Discussion

This study has demonstrated that the effects of
ethanol on metanephric kidney dev elopmentin vitro can be
ameliorated by the presence of exogenous RA. Through the
use of whole metanephric culture we have demonstrated
that RA can prevent the reduction in number of ureteric
branch points, ureteric tips and glomeruli in kidney’s
exposed to alcoholin vitro. Real-time PCR identified
changes in gene expression of an enzyme involved in
ethanol metabolism as well as genetic regulators of kidney
development, providing further evidence for a role of RA in
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Figure 2. The effect of ethanol and RA on ureteric
branch points and tips. Shown are the number of branch
points (top graph) and tips (middle graph) after 48 h and
glomerular number (bottom graph) after 5 days culture
with 0% or 0.2% ethanol with/without exogenous RA.Data
are mean ± SEM and were analysed using a one-way
ANOVA with a Tukey’s post-hoctest. Groups that do not
share a common letter are significantly different from each
other,p<0.05. N=10-15metanephroi per group.

preventing the inhibitory effects of ethanol on kidney
development. Mostimportantly, RA was able to increase
expression levels of cRET, a target receptor for GDNF,
which is a critical regulator of ureteric branching
morphogenesis.

In recent years we have demonstrated that in addition
to the well documented effects of prenatal ethanol exposure
on the developing central nervous system, ethanol exposure

can disrupt kidney dev elopment such that offspring have a
reduced nephron endowment.3,8 The mechanisms through
which alcohol acts to disrupt kidney dev elopment, resulting
in a deficit in nephron number, are unknown. However,
previous work undertaken within our laboratory has
established a link between a reduction in ureteric branching
morphogenesis and the observed reduction in nephron
number in vivo. It was identified that culture in the
presence of ethanol at the same concentration used within
these current studies, was able to reduce the number of
ureteric branch points, tips and glomeruli by 20%.8 RA, the
active derivative of vitamin A synthesis, is a promoter of
kidney dev elopment in vivo and in vitro.18,21-23 As both
vitamin A synthesis and ethanol metabolism employ a
common enzymatic pathway (see Figure 4), it has been
proposed that diminished RA concentrations may contribute
to fetal alcohol syndrome.17,19 The effect of exogenous RA
on metanephric development in vitro and nephron
endowmentin vivo has been reported in several studies,
with conflicting outcomes.Most studies have reported that
culture in the presence of RA significantly increases the
number of glomeruli formed.18,24,25For example, Vilar and
colleagues (1996)18 found that addition of RA at a
concentration of 100nM, 10-fold higher than the
concentration used in the current study, resulted in a 200%
increase in nephron number after 6 days in culture.
However, Weller and colleagues (1991)25 found that RA
failed to induce additional glomerular development in
isolated mouse metanephroi after 72 h in culture.Results
from the current study have demonstrated that addition of
RA, at a significantly lower concentration than that
previously used, was able to stimulate kidney dev elopment,
restoring the number of ureteric branch points, ureteric tips
and glomeruli to levels observed in control cultured
kidneys. In vivo, RA administration during pregnancy can
increase nephron number in the growth restricted rat pup.26

However, administration in the prematurely delivered
baboon had no effect of nephrogenesis.27 Together, these
studies suggest the effects of RA are dependent upon
concentrations to which the kidney is exposed and time of
administration.

Gene expression studies demonstrated an effect of
ethanol and RA on the expression of enzymes involved in
ethanol metabolism and RA synthesis.ADH is the first
enzyme responsible for the conversion of ethanol to
acetaldehyde. Thereare a number of isoforms of ADH but
ADH-1 rather than ADH-3 or ADH-4, is the predominant
from in the developing epithelia of the kidney.28 It was thus
not surprising that in the presence of ethanol, there tended
to be elevated ADH-1 expression. Comparedto vehicle,
ADH-1 mRNA expression was only statistically increased
in the EtOH plus RA group however ADH-1 expression in
the EtOH group expression also tended to be elevated. In
fact, expression levels in the EtOH group were not
statistically different compared to either vehicle, or the
EtOH plus RA groups.However, what was unexpected was
that ADH expression was increased to a similar degree by
RA alone. This could have been a product of RA self-
regulating the expression of the enzymes that are needed for

20 Proceedings of the Australian Physiological Society (2012)43



S.P. Gray, L.A. Cullen-McEwen, J.F. Bertram & K.M. Moritz

ADH-1

0.0

2.0

4.0

6.0

8.0

A

B

AB

AB

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

ALDH-1a2

0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

RXRα

0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

GDNF

0%
 E

th
an

ol

0%
 E

th
an

ol &
 R

A

0.
2%

 E
th

an
ol

0.
2%

 E
th

an
ol &

 R
A

0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

cRET

0%
 E

th
an

ol

0%
 E

th
an

ol &
 R

A

0.
2%

 E
th

an
ol

0.
2%

 E
th

an
ol &

 R
A

0.0

1.0

2.0

3.0

4.0

5.0

A

B

A

B

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

ALDH-2

0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

Figure 3. Real-time PCR analysis performed on E14 metanephroi cultured for 48 h, for ADH-1, ALDH-1a2, ALDH-2,
RXRα, cRET and GDNF. Data are mean± SEM, and were analysed using a one-way ANOVA with a Tukey’s post-hoctest,
N=3-6 RNA pools per group. Groups that do not share a common letter are significantly different from each other,p<0.05.

its synthesis.29,30

ALDH, which is the next enzyme in the metabolism
of ethanol, in addition to metabolising retinal to RA, also
has a number of isoforms many of which are present in only
some species.31 In the rat, ALDH1a2 and ALDH-2 are the
predominant forms. In this study, the expression of
ALDH-1a2 was unchanged While it would be expected
that ALDH would have a similar expression to that of
ADH, whereby it would be increased in the presence of
ethanol and RA, the lack of difference between the groups
could be attributed to the many isoforms of ALDH that
exist.32 In the developing kidney, at least in the mouse, it is
ALDH-2 which is most highly expressed.33 Although
ALDH-2 was also unchanged across the four groups, there

was a tendency for decreased levels in the RA group.We
could speculate that expression of this enzyme has been
down-regulated in the presence of high levels of RA to
prevent further increases which may lead to toxic levels of
RA.

An unexpected finding was that there was a strong
tendency for decreased expression of the retinoic acid
receptor RXRα in the treatment groups that had RA added.
While it is expected that in the presence of ethanol there
would be a down-regulation of RXRα, a consequence of
ethanol diminished RA concentrations, the down-regulation
in the RA supplemented groups is intriguing.While it
would be expected that in the presence of RA there would
be an increase in the expression of RXRα, the lack of
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change could be an indication of RA signalling through a
different receptor. It has been well established that there
are many different receptors involved in the signalling of
RA, and that the down-regulation of RXRα could be a
product of RA promoting kidney growth through a different
RA receptor.29,30,34

We hav epreviously described reduced expression of
GDNF, a key regulator of kidney dev elopment, in
embryonic kidneys following in vivo ethanol exposure.8 In
the current study, there were no significant changes in
GDNF expression following ethanol exposure, although
levels tended to be decreased in all treatment groups
compared to control.While we did not identify a change in
GDNF expression, we did identify a change in the
expression of its receptor, cRET, whereby in the presence of
RA either alone or in combination with ethanol, expression
was significantly up-regulated. Under normal culture
conditions the expression of cRET declines with time in
culture.34 One can therefore speculate that the addition of
RA to the culture is stimulating the production of cRET,
preventing its decline. In turn, this enhanced production in
cRET would stimulate ureteric branching morphogenesis
through the cRET signalling pathway. Taken together, the
reduction in nephron number due to ethanol exposure
identified previously8 and in this current study, could be a
product of the enzymes involved in ethanol metabolism and
RA synthesis being preferentially used for the metabolism
of ethanol in place of the synthesis of RA. This in turn,
would result in diminished levels of RA, causing a lack of
signalling of ureteric branching through the cRET GDNF
signalling pathway, leading to a reduction in the number of
ureteric branch points and subsequent glomerular
development (Figure 4).

Vitamin A

ADH-1

Ethanol

Retinal

Acetaldehyde

ALDH-1a2 &
ALDH-2

H
2
O &CO

2

Retinoic Acid c-ret

Ureter ic Branching

Figure 4. Schematic representation of the enzymatic
pathway through which ethanol is metabolised and
retinoic acid is synthesised demonstrating the similar
enzymes that both pathways employ. Retinoic acid signals
ureteric branching through the c-ret receptor, such that if
ADH-1, ALDH-1a2 and ALDH-2 are preferentially
metabolising ethanol in place of synthesising retinoic acid,
there would be diminished retinoic acid production. Thisin
turn would reduce the signals through the c-ret receptor
and subsequently limit ureteric branching morphogenesis,
leading to a reduction in glomerular development.

While in this study it has been demonstrated that the
RA synthesis pathway contributes to the effects of ethanol
on kidney dev elopment, oxidative stress has also previously

been implicated as a potential mechanism.35,36

Consumption of alcohol is associated with an increase in
the abundance of oxygen free radicals, resulting in
increased oxidative stress within cells. Normally this
enhanced state of oxidative stress is eliminated through the
actions of antioxidants.However, the actions of the
antioxidants are low in the developing fetus, limiting the
removal of the enhanced oxidative stress caused by
alcohol.37 Furthermore, it has been proposed that the
increased oxidative stress within the developing fetus
causes DNA damage in tissue that is undergoing rapid
proliferation, such as the brain and liver, leading to
apoptosis. Thisenhanced apoptosis would significantly
reduce the number of cells available within the developing
tissue, resulting in a reduced organ size. In the current
study, the apoptotic markers BAX and Bcl-2 were analysed
to identify if enhanced apoptosis within ethanol-exposed
kidneys was contributing to the reduced ureteric branching
morphogenesis and glomerular number. Relative
expression of BAX and Bcl-2 were similar in the four
treatment groups, indicating that the slowing of ureteric
branching morphogenesis was unlikely to be a direct
product of enhanced apoptosis.

Conclusion

Taken together, this study has demonstrated that the
effects of ethanolin vitro on kidney dev elopment resulting
in a significant reduction in ureteric branch points, ureteric
tips and glomeruli can be ameliorated by the addition of
RA. Furthermore,through the use of RT-PCR it has been
identified that the augmentation in ureteric branching
morphogenesis in ethanol-exposed kidneys co-cultured with
RA is associated with altered expression of cRET. In
addition, expression levels of genes common to both the
enzymatic pathway of ethanol metabolism and RA
synthesis, were altered, and are likely to be involved in the
changes identified. These results provide the foundation for
further research into the molecular mechanism through
which alcohol disrupts, and RA rescues, kidney
development.
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