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Abstract Loss of dopaminergic neurons in the substantia

nigra pars compacta and the resulting decrease in striatal

dopamine levels are the hallmarks of Parkinson’s disease.

Tgfb and Gdnf have been identified as neurotrophic factors

for dopaminergic midbrain neurons in vivo and in vitro.

Haploinsufficiency for either Tgfb or Gdnf led to dopami-

nergic deficits. In this study we therefore analyzed the

nigrostriatal system of aged Tgfb2?/-/Gdnf?/- double-

heterozygous mice. Unexpectedly, we found no morpho-

logical changes in the nigrostriatal system as compared

with age-matched wild-type mice. There were no signifi-

cant differences in the number of TH-positive midbrain

neurons and no changes in the optical density of TH

immunoreactivity in striata of Tgfb2?/-/Gdnf?/- double-

heterozygous mice. Moreover, we found no significant

differences in the striatal levels of dopamine and its

metabolites dihydroxyphenylacetic acid and homovanillic

acid. Our results indicate that a combined haploinsuffi-

ciency for Tgfb2 and Gdnf has no impact on the function

and the survival of midbrain DA neurons under normal

aging conditions.
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Introduction

The deleterious loss of dopaminergic (DA) neurons in the

substantia nigra pars compacta (SNpc) and the resulting

decrease in dopamine (DA) levels in the striatum, the main

target projection area of SNpc DA neurons, are the hall-

marks of Parkinson’s disease (PD; Dauer and Przedborski

2003). Although the exact mechanisms for degeneration of

DA neurons in the SNpc have not yet been elucidated,

many in vivo and in vitro attempts have been made to

identify neuroprotective factors. Tgfb and Gdnf have

attracted scientific attention as they are able to increase the

numbers of cultured midbrain DA neurons (Farkas et al.

2003; Krieglstein et al. 1995; Lin et al. 1993). Moreover,

Tgfb and Gdnf are able to protect DA neurons in different

models of PD, such as 1-methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP) toxicity (Krieglstein and Unsicker

1994; Krieglstein et al. 1995; Tomac et al. 1995; Kordower

et al. 2000) and 6-hydroxydopamine (6-OHDA) toxicity

(Hoffer et al. 1994; Bowenkamp et al. 1995; Kearns and

Gash 1995). Recently, it has been shown that Gdnf requires

the presence of endogenous Tgfb to exert its neuropro-

tective effects on different peripheral and CNS neuron

populations (Krieglstein et al. 1998). Accordingly, Gdnf-

mediated neuroprotection in the MPTP-lesioned nigrostri-

atal system is Tgfb-dependent (Schober et al. 2007). These
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results suggest a Tgfb/Gdnf synergism, which is further

underlined by the fact that Tgfb increases Gdnf respon-

siveness in neurons by recruiting the Gdnf receptor GFRa1

to the cell membrane (Peterziel et al. 2002).

However, the role of Tgfb and Gdnf for the develop-

ment of midbrain DA neurons and their maintenance under

normal conditions remains elusive. Mice deficient for

either Tgfb2 (Sanford et al. 1997) or Gdnf (Pichel et al.

1996) die perinatally. As a consequence, the nigrostriatal

system can only be investigated prenatally. Interestingly,

the double-deficiency of both Tgfb2 and Gdnf does not

affect the differentiation and survival of midbrain DA

neurons during embryonic development (Roussa et al.

2008; Sánchez et al. 1996). Tgfb2-/-/Gdnf-/- mice

showed no loss of midbrain DA neurons at E14.5 (Roussa

et al. 2008) and E18.5 (Rahhal et al. 2009), indicating that

Tgfb2/Gdnf synergism is not important for the induction of

the dopaminergic phenotype in vivo. In contrast, recent

studies found that Tgfb2?/- heterozygous mice have 12%

fewer dopaminergic neurons at 6 weeks of age and 30%

less dopamine in the striatum than controls (Andrews et al.

2006). Gdnf?/- heterozygous mice showed an accelerated

decline of dopaminergic neurons during aging along with

functional deficits (Boger et al. 2006). These studies thus

imply that Tgfb2 and Gdnf might serve as factors regu-

lating the function and the survival of adult midbrain DA

neurons.

In the present study we thus analyzed the nigrostriatal

system of aged Tgfb2?/-/Gdnf?/- double-heterozygous

mice. Using tyrosine hydroxylase immunohistochemistry,

we demonstrate that double-heterozygous animals had no

morphological changes in the nigrostriatal system as

compared with age-matched wild-type mice. Moreover, we

found no significant differences in the striatal levels of

dopamine (DA) and its metabolites dihydroxyphenylacetic

acid (DOPAC) and homovanillic acid (HVA). Our results

indicate that a combined haploinsufficiency for Tgfb2 and

Gdnf, in contrast to the single haploinsufficiencies, has no

impact on the function and the survival of midbrain DA

neurons under normal aging conditions.

Materials and methods

Animals

The generation of Tgfb2 and Gdnf single mutant animals

was described previously (Sanford et al. 1997, Pichel et al.

1996). To generate Tgfb2?/-/Gdnf?/- animals, single-

heterozygous mice were crossbred. Mice were bred locally

in the Central Animal Facility (University of Göttingen) on

a C57BL/6 9 129S background. The experimental setup

was approved by the local chief veterinarian. Animals were

housed in cages (1–4 mice per cage) and had ad libitum

access to food and water. Mice were maintained in a 12 h

dark/light cycle with light from 7:00 am to 7:00 pm and a

constant temperature of 20–22�C. For experiments carried

out during this study, adult mice with ages ranging from 20

to 25 month were used and are from now on referred to as

aged.

Genomic DNA isolation and genotyping

Genomic DNA was isolated from tail biopsies. Heterozy-

gous Tgfb2 mice were detected by PCR using the exon 6

specific primers p5 (50-AATGTGCAGGATAATTGCTG-

30) and p3 (50-AACTCCATAGATATGGGCATG-30) as

described by Sanford et al. (1997). Gdnf heterozygous

animals were detected by PCR using the wild-type allele

specific primers GdnfF (50-GACTACGGGAGGAGTAGA

AG-30) and GdnfR (50-TATCGTCTCTGCCTTTGTCC-30)
as well as the neomycin cassette specific primers NEOF

(50-CCAGAGAATTCCAGAGGGAAAGGTC-30) and NEOR

(50-CAGATACATCCACACCGTTTAGCGG-30). PCR prod-

ucts were separated by agarose gel electrophoresis and

visualized using ethidium bromide staining (Fig. 1).

RNA isolation and RT-PCR

RNA was isolated from striatal tissue of aged single-het-

erozygous mice using TRIZOL reagent (Invitrogen)

according to the manufacturer’s instructions. 1 lg of each

sample was reverse transcribed using Fermentas Reverse

AidTM according to the manufacturer’s instructions.

RT-PCR was performed using the following primers:

Gdnffor 50-GGCCACTTGGAGTTAATGTC-30, Gdnfrev

50-CCGATTCCTCTCTCA TCGAG-30, Tgfb2for 50-GGA

GGTGATTTCCATCTACAA-30, Tgfb2rev 50-GGGAGA

TGTT AAGTCTTTGGA-30. Gapdh was used as loading

control (Gapdhfor 50-TGACCAGGCGCCCAATAC-30,

Fig. 1 Genotyping results for Tgfb2 and Gdnf mutant animals. a A

132-bp fragment of the Tgfb2 wild-type allele and a 1,300-bp

fragment of the NEO-cassette served to determine wt and heterozy-

gous animals. b For the detection of Gdnf?/- animals a 480-bp

fragment was amplified from the NEO-cassette in combination with a

338-bp fragment amplified from the wild-type Gdnf allele
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Gapdhrev 50-CGGCCGCATCTTCTTGTG-30). After aga-

rose gel electrophoresis and ethidium bromide staining,

images were captured with FluorChem800 (AlphaInnotech,

Biozym). Densitometric analysis was performed with

FlourChem 8800 software (AlphaInnotech, Biozym) and

values were normalized to Gapdh.

Determination of striatal DA and metabolites

Concentrations of dopamine (DA), dihydroxyphenylacetic

acid (DOPAC) and homovanillic acid (HVA) from striatal

tissue samples were analyzed using HPLC with electro-

chemical detection. Briefly, animals were killed by cer-

vical dislocation, brains were rapidly removed and chilled

on ice. Left side striata were dissected, weighed and stored

in homogenator vials containing ceramic pearls. 0.1 M

perchloric acid was added (40 ll/mg tissue) and tissue

samples were stored at -80�C until measurements. Prior

to measurements, tissues were homogenized using Ho-

mogenator Precellys24 (PEQLAB, Erlangen, Germany)

with two shakes of 30 s each. Afterwards, all vials were

centrifuged (5 min, 1,000 g, 4�C) and 20 ll of supernatant

was loaded onto a reverse-phase column (prontosil 120-3-

C18, Bischoff, Leonberg, Germany). Dopamine was

detected electrochemically using an ESA Coulochem II

detector with a 5011A analytical cell (400 mV). Each liter

of the mobile phase contained 105 ml methanol (MERK)

6.973 g of sodium acetate; 0.048 g of EDTA; 7.355 g of

citric acid mono hydrated; 0.105 g octane sulfonate. pH

4.3 was reached using concentrated citric acid. For each

run, standards of 0.15 or 0.3 or 1.5 lM of dopamine (DA),

dihydroxyphenylacetic acid (DOPAC), and homovanillic

acid (HVA) were measured at the beginning, in the middle

and at the end of the sample sequences. Finally, DA levels

were normalized to wild-type levels and are given in

percentages.

Immunohistochemistry

Brains from animals sacrificed for striatal DA analysis

were fixed with 4% paraformaldehyde in 0.1 M phos-

phate overnight and stored in phosphate buffered saline

(PBS; 0.9% NaCl, 0.01 M phosphate buffer) containing

30% sucrose at 4�C. Nigral and striatal free-floating

sections (40 lm) were stained using the PaP-DAB

method. After rinsing with tris-buffered saline (TBS;

0.05 M Tris, 0.9% NaCl) three times for 10 min, sec-

tions were quenched with 3% hydrogen peroxide (H2O2)

for 5 min and rinsed again in TBS three times for

10 min. Sections were incubated for 3 h at room tem-

perature with blocking solution containing 10% normal

goat serum (NGS; Gibco), 0.5% bovine serum albumin

(BSA; Roth, Karlsruhe, Germany). Thereafter, sections

were incubated overnight with rabbit anti-TH polyclonal

antibody (Millipore, AB152) diluted 1:3,000 in blocking

solution at room temperature with gentle shaking. After

rinsing three times with TBS for 10 min, sections were

incubated for 1 h with goat anti-rabbit antibody (Nordic

Immunology) diluted 1:500 in blocking solution gently

shaking at room temperature. Again, sections were rinsed

three times with TBS for 10 min and incubated for 1 h

at room temperature with PaP-rabbit (Nordic Immunol-

ogy) diluted 1:800 in blocking solution. Immunoreactiv-

ity was visualized using diaminobenzidine (Sigma) as

described by Adams (1981). Sections were mounted on

gelatine-coated slides, air-dried overnight, dehydrated

through graded ethanols, cleared in xylene and finally

coverslipped with Entellan mounting medium (Merck).

Images were taken with Biozero BZ-8000 microscope

(KEYENCE, Germany).

Striatal TH fiber density measurements

Striatal TH-positive fiber staining was assessed by optical

density (OD) analysis. Images of stained striatal sections

were captured using a NIKON SMZ 1500 (Nikon, Düs-

seldorf, Germany). ODs were measured using AlphaEase

Software (AlphaInnotech, Biozym). For every animal, the

ODs from three different striatal and cortical sections were

determined and the final reading was calculated as an

average of the ratio of striatal and cortical TH-staining

from the same section. OD values are expressed as per-

centages of control.

Stereological analysis of TH-positive cells

The number of TH-positive cells of the substantia nigra

pars compacta (SNpc) was assessed using the Stereo-

Investigator (Microbrightfield Europe, Magdeburg, Ger-

many) with optical fractionator according to the optical

dissector rules (Gundersen et al. 1988). The medial ter-

minal nucleus (MTN) of the accessory optical tract was

used as the medial border of the SNpc, as described by

Sauer et al. (1995). For each animal, five sections with an

evaluation interval of 3 were selected and all TH-positive

neurons lateral to the MTN were counted. The nucleus of

each TH-immunoreactive neuron was chosen as the

counting unit. The optical fractionator was optimized to

reach a coefficient of error B0.1. Cell counts were per-

formed using a 639 oil objective (Zeiss, Göttingen) and

AxioImager (Zeiss, Göttingen).

Western blot

Total proteins were isolated from midbrain and stria-

tum samples from 3-month-old Tgfb2?/?/Tgfb2?/- and
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4.5-month-old Gdnf?/?/Gdnf?/- animals using M-PER

Mammalian Protein Extraction Reagent (Pierce) supple-

mented with Complete Protease Inhibitor cocktail (Roche).

10 lg protein was loaded per lane of 9% SDS-polyacryl-

amide gels and separated by electrophoresis. Proteins were

the transferred onto PVDF membranes (Immobilon, Mili-

pore, Schwalbach, Germany). After transfer, the mem-

branes were washed with TBST and blocked with 10% dry

milk (Roth, Karlsruhe, Germany) in TBST for 2 h at room

temperature. Membranes were incubated with primary

antibodies (anti-Tgfb2, SantaCruz, 1:200; anti-Gdnf, R&D

Systems, 1:1,000) at 4�C overnight with gently shaking.

After incubation with horseradish peroxidase-conjugated

secondary antibodies (GaR-HRP/GaM-HRP, Cell Signal-

ing Technology, 1:10,000), labeled proteins were detected

using the SuperSignalTM detection Kit (Pierce, USA). To

confirm equal protein loadings, membranes were reprobed

with a Gapdh antibody (1:10,000, Abcam). All blots were

captured with Amersham HyperfilmTM ECL (GE Health-

care). Densitometric analysis was performed using Fluor-

Chem 8800 software (AlphaInnotech, Biozym, Olendorf,

Germany).

Statistics

Statistical analysis was performed using the software

GraphPad Prim 4 (GraphPad Software Inc.). For determi-

nation of significant differences the unpaired t test or one-

way ANOVA and Bonferroni’s post hoc test for multiple

comparisons was used. P values \0.05 were considered to

be significant.

Results

Reduced mRNA levels of Tgfb2 and Gdnf

in heterozygous animals

To learn more about the role of Tgfb2 and Gdnf for the

survival of dopaminergic neurons, we used their combined

deficiency in Tgfb2?/-/Gdnf?/- double-heterozygous

mice. For the interpretation of our findings it is important

to know the extent of Tgfb2/Gdnf deficiency in these ani-

mals. We therefore determined the expression levels of

Tgfb2 and Gdnf by semiquantitative RT-PCR. To deter-

mine the mRNA levels of Tgfb2 and Gdnf in the dopami-

nergic system of heterozygous animals, aged mice were

killed and total RNA was isolated from striatum. As shown

in Fig. 2a the levels of Tgfb2 mRNA in heterozygous mice

were significantly reduced compared to age-matched wild-

type littermates. Figure 2b shows the corresponding results

for Gdnf RNA levels. Again, the levels of Gdnf RNA were

significantly reduced in heterozygous animals.

Reduced protein levels of Tgfb2 and Gdnf

in heterozygous mice

After we have shown that the mRNA levels of Tgfb2 and

Gdnf were reduced in heterozygous mice we further ana-

lyzed if the corresponding protein levels were also reduced.

As shown in Fig. 3 protein levels of Tgfb2 were reduced in

midbrain (Fig. 3a, c) and striatum (Fig. 3d, f) samples from

Tgfb2 heterozygous mice. Interestingly, we observed

increased protein levels of Gdnf in striatal samples from

Tgfb2 heterozygous mice (Fig. 3e, f), whereas the levels of

Gdnf in midbrain samples were similar to wild-type lit-

termates (Fig. 3b, c).

In accordance with mRNA levels we observed sig-

nificantly reduced Gdnf protein levels in midbrain and

striatum samples from Gdnf heterozygous mice (Fig. 4a,

c, d, f). Moreover, we detected significantly increased

Tgfb2 protein levels in striatum samples from Gdnf

heterozygous mice. Tgfb2 protein levels in midbrain

samples from these mice were slightly increased without

reaching significance.

Morphology, distribution and number of TH-ir neurons

in SNpc of aged Tgfb2?/-/Gdnf?/- mice

For the analysis of the morphology of TH-immunoreactive

neurons in the SNpc, brains of aged wild type, Tgfb2 and

Gdnf single-heterozygous as well as Tgfb2/Gdnf double-

heterozygous animals were cut in 40-lm slices and stained

with anti-TH antibody. Figures 5a–d show that all geno-

types analyzed displayed a normal distribution of dopa-

minergic neurons in the SNpc. Detailed images (Fig. 5e–h)

show a normal cellular morphology of TH-ir neurons

indicating that haploinsufficiency for Tgfb2, Gdnf or Tgfb2

and Gdnf does not alter dopaminergic neuron distribution

and morphology in the SNpc of aged mice. Stereological

Fig. 2 Tgfb2 and Gdnf mRNA levels in heterozygous animals. a, b
Total RNA was isolated from striatal tissue of aged TGFb2 and Gdnf
animals and reverse transcribed. The levels of Tgfb2 (a) and Gdnf (b),

respectively, were significantly reduced in heterozygous animals.

Three animals were used for each genotype. *P values derived from

student’s t test are \0.05
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counting showed that aged Gdnf?/- single-heterozygous

mice had slightly reduced numbers of TH-ir neurons in the

SNpc. However, this reduction in neuron number was not

significant (Fig. 5i).

Striatal TH fiber density

DA neurons of the SNpc project to the dorsal striatum via

the nigrostriatal pathway. In order to analyze the density of

Fig. 3 Protein levels of Tgfb2

and Gdnf in Tgfb2?/- mice.

Proteins were isolated from

midbrain and striatum samples

of 3-month-old Tgfb2?/- mice

and wild-type littermates. After

electrophoresis and protein

transfer, membranes were

probed with anti-Tgfb2 and

anti-Gdnf antibodies. Gapdh

was used to determine equal

protein loading. Protein levels

of Tgfb2 were reduced in

midbrain (a, c) and striatum

samples (d, f) in Tgfb2?/- mice.

Gdnf levels in the midbrains of

Tgfb2?/- mice were similar to

wild-type littermates (b, c).

Interestingly, the protein levels

of Gdnf in striatum samples

were increased in Tgfb2?/-

mice (e, f). Densitometric

analysis of protein band

intensities was performed using

FluorChem 8800 software

Fig. 4 Protein levels of Gdnf and Tgfb2 in Gdnf?/- mice. Proteins

were isolated from midbrain and striatum samples of 4.5-month-old

Gdnf?/- mice and wild-type littermates. After electrophoresis and

protein transfer, membranes were probed with anti-Tgfb2 and anti-

Gdnf antibodies. Gapdh was used to determine equal protein loading.

Protein levels of Gdnf were significantly reduced in midbrain (a, c)

and striatum samples (d, f) in Gdnf?/- mice. Tgfb2 levels in the

midbrains of Gdnf?/- mice were slightly increased compared to wild-

type littermates (b, c). Surprisingly, the protein levels of Tgfb2 in

striatum samples of Gdnf?/- mice were significantly increased

compared to wild-type littermates (e, f). Densitometric analysis of

protein band intensities was performed using FluorChem 8800

software. **,*P values derived from student’s t test are \0.05 and

\0.01

Aged Tgfb2/Gdnf mice show no alterations in the nigrostriatal system 723

123



TH-positive nerve terminals in striata of aged mice, we

dissected the right forebrain (the left was used to isolate

striata for DA analysis). Figures 6a–d show the TH

immunohistochemistry results for the different genotypes

analyzed. There were no substantial differences in the

staining intensities of striatal slices of different genotypes.

Further, the analysis of the optical densities confirmed

these impressions (Fig. 6e).

Normal striatal dopamine levels in aged

Tgfb2?/-/Gdnf?/- mice

As a functional readout for the nigrostriatal system we

analyzed the levels of dopamine (DA) and its metabolites

dihydroxyphenylacetic acid (DOPAC) and homovanillic

acid (HVA) in the striatum by HPLC. As shown in Fig. 7a,

there were no significant differences in the DA levels of aged

double-heterozygous and single-heterozygous animals

compared with age-matched wild-type mice. Further, the

levels of DOPAC and HVA (Fig. 7b, c), as well as the DA

turnover (data not shown) were not altered in aged mice in

all genotypes analyzed. These results indicate that haploin-

sufficiency for Tgfb2, Gdnf or Tgfb2 and Gdnf has no effect

on striatal DA synthesis and metabolism in aged animals.

Discussion

In the present study we analyzed the effect of double

haploinsufficiency for Tgfb2 and Gdnf on the maintenance

Fig. 5 Morphology,

distribution and number of TH-

positive neurons in the SNpc of

mutant animals. TH

immunohistochemistry of

midbrain sections from aged wt

(a), Tgfb2 single-heterozygous

(b), Gdnf single-heterozygous

(c) and Tgfb2/Gdnf double-

heterozygous mice (d) at low

magnification. Note that only

Gdnf single-heterozygous

animals show reduced numbers

of TH-positive midbrain

neurons. Scale bar for a–d
indicates 300 lm. Boxes mark

the areas used for generating

high magnification images (e–h)

that shown a normal

morphology and distribution of

TH-positive neurons in the

SNpc of aged animals. Again,

only the Gdnf single-

heterozygous show reduced

numbers of TH-positive

neurons. Scale bar for e–h
indicates 50 lm. i Stereological

cell counting of TH-positive

midbrain neurons. No

significant differences exist

between the different genotypes

analyzed. However, the

numbers of TH-positive neurons

in SNpc of aged Gdnf single-

heterozygous animals is reduced

compared to wild-type animals.

Results are given as

mean ± SEM
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of the nigrostriatal system in aged mice. Our results dem-

onstrate that aged Tgfb2?/-/Gdnf?/- mice had the same

numbers of TH-positive midbrain DA neurons as age-

matched wild-type animals. Further, there were no differ-

ences in the density of TH-positive fibers in striata of

Tgfb2?/-/Gdnf?/- mice. As a functional readout for the

nigrostriatal system we analyzed the levels of dopamine

and its metabolites DOPAC and HVA in aged Tgfb2?/-/

Gdnf?/- mice. Again, we found no significant differences

between double-haploinsufficient and wild-type mice.

These data thus indicate that the combined haploinsuffi-

ciency for Tgfb2 and Gdnf has no effect on the morphology

and function of midbrain DA neurons under normal aging

conditions.

The observed lack of an age-dependent impairment of

morphology and function of midbrain DA neurons in Tgfb2

and Gdnf double haploinsufficiency was a highly unex-

pected. Tgfb2 heterozygous animals were reported to have

a 12% reduction of DAergic neurons already at 6 weeks of

age, and striatal dopamine declined to 70% within

6 months (Andrews et al. 2006). This finding was not

reproduced in our study, as the aged Tgfb2?/-/Gdnf?/-

mice did not show a smaller number of TH-ir neurons in

the SNc or reduced striatal markers. Gdnf heterozygous

animals were documented to have an increasing age-

dependent reduction of the number of DA neurons, altered

fiber and cell body morphology, as well as reduced levels

of TH (Boger et al. 2006). In our study, the morphology of

DA neurons was normal. The mean number of TH-positive

neurons in the SNc was slightly smaller than controls, but

this difference did not reach statistical significance

(Fig. 5i). Consistently, mice deficient for RET receptor,

which forms the Gdnf receptor together with GDNF family

receptor a, have normal numbers of dopaminergic neurons

up to 12 months of age (Jain et al. 2006), and the same

sensitivity to MPTP as WT mice (Kowsky et al. 2007). The

RET receptor (and thus, likely Gdnf) were only required

for sprouting of axon collaterals in the striatum after MPTP

treatment (Kowsky et al. 2007), suggesting that Gdnf might

be more important for regeneration of dopaminergic neu-

rons than for survival per se. However, RET-deficient mice

did show some loss of dopaminergic markers after

12 months of age (Kramer et al. 2007).

Taken together, our findings suggest that a reduction in

Tgfb2 and Gdnf mRNA and protein are not sufficient to

affect the survival of dopaminergic neurons in the SNc in

aged (20–25 months old) mice. These findings are in line

with the normal dopaminergic system in Tgfb2-/- Gdnf-/-

embryos (Roussa et al. 2008). The discrepant findings by

others in ‘‘middle-aged’’ (12 months old) mice (Andrews

et al. 2006; Boger et al. 2006) might result from a stronger

depletion of Tgfb2 and Gdnf in these studies. Alternatively,

the normal, aging-related decline in dopamine neuron

numbers might arrive at a ‘‘floor’’ level at 20–25 months of

age, so that the difference between wild-type and hetero-

zygous animals is less pronounced than in ‘‘younger’’

animals.

Based on the previous findings by others, we had

expected that haploinsufficiency for both Tgfb2 and Gdnf,

would result in the same kind, or even in a more pro-

nounced age-dependent impairment of morphology and

function of DA neurons. The lacking phenotype of the

combined haploinsufficiency for both Tgfb2 and Gdnf

could be interpreted as a requirement for balanced levels of

both factors. Availability of both is required to promote

Fig. 6 TH immunohistochemistry of the striatum of wild type (a),

Tgfb2 single-heterozygous (b), Gdnf single-heterozygous (c) and

Tgfb2/Gdnf double-heterozygous mice (d) was normalized against

TH-staining of the cortex. Scale bar for a–d 1 mm. e Evaluation of

striatal fiber density. Results are given as mean ± SEM. No

significant differences were observed between the different genotypes

analyzed
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and maintain the survival of midbrain DA neurons. A

partial depletion of one of the factors may affect the bal-

ance of both proteins and might therefore result in an age-

dependent impairment of the system. Partial depletion of

both factors may then result in the establishment of a new

balance of the amounts of Tgfb2 and Gdnf, however, on a

lower level. Interestingly, we found that Gdnf protein

levels in striatal tissue from Tgfb2 heterozygous and Tgfb2

protein levels in striata from Gdnf heterozygous mice were

higher than in wild-type littermates. This phenomenon

could be interpreted as a compensatory mechanism after

partial depletion of one factor. Moreover, this hypothesis

would also support the fact that Gdnf and Tgfb2 cooperate

to promote and maintain the survival and status of differ-

entiation of midbrain DA neurons (Krieglstein et al. 1998;

Schober et al. 2007). A combined or balanced requirement

for Tgfb2 and Gdnf would have strong implications for

therapeutic strategies for PD patients based on Gdnf

administration.
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medium, provided the original author(s) and source are credited.
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Hantraye P, Déglon N, Aebischer P (2000) Neurodegeneration

prevented by lentiviral vector delivery of GDNF in primate

models of Parkinson’s disease. Science 290:767–773

Fig. 7 Striatal levels of

dopamine (DA) and its

metabolites

3,4-dihydroxyphenylacetic acid

(DOPAC) and homovanillic

acid (HVA) were determined by

HPLC analysis. There were no

significant differences in the

levels of DA (a), DOPAC (b)

and HVA (c) in aged wild-type,

Tgfb2 single-heterozygous,

Gdnf single-heterozygous and

Tgfb2/Gdnf double-

heterozygous mice. Data are

given in percent of control

(wt) ± SEM

726 S. Heermann et al.

123



Kowsky S, Pöppelmeyer C, Kramer ER, Falkenburger BH, Kruse A,

Klein R, Schulz JB (2007) RET signaling does not modulate

MPTP toxicity but is required for regeneration of dopaminergic

axon terminals. Proc Natl Acad Sci USA 104:20049–20054

Kramer ER, Aron L, Ramakers GM, Seitz S, Zhuang X, Beyer K,

Smidt MP, Klein R (2007) Absence of ret signaling in mice

causes progressive and late degeneration of the nigrostriatal

system. PLoS Biol 5:e39

Krieglstein K, Unsicker K (1994) Transforming growth factor-beta

promotes survival of midbrain dopaminergic neurons and

protects them against N-methyl-4-phenylpyridinium ion toxicity.

Neuroscience 63:1189–1196

Krieglstein K, Suter-Crazzolara C, Fischer WH, Unsicker K (1995)

TGF-beta superfamily members promote survival of midbrain

dopaminergic neurons and protect them against MPP? toxicity.

EMBO J 14:736–742

Krieglstein K, Henheik P, Farkas L, Jaszai J, Galter D, Krohn K,

Unsicker K (1998) Glial cell line-derived neurotrophic factor

requires transforming growth factor-beta for exerting its full

neurotrophic potential on peripheral and CNS neurons. J

Neurosci 18:9822–9834

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F (1993) GDNF: a

glial cell line-derived neurotrophic factor for midbrain dopami-

nergic neurons. Science 260:1130–1132

Peterziel H, Unsicker K, Krieglstein K (2002) TGFbeta induces

GDNF responsiveness in neurons by recruitment of GFRalpha1

to the plasma membrane. J Cell Biol 159:157–167

Pichel JG, Shen L, Sheng HZ, Granholm AC, Drago J, Grinberg A,

Lee EJ, Huang SP, Saarma M, Hoffer BJ, Sariola H, Westphal H

(1996) Defects in enteric innervation and kidney development in

mice lacking GDNF. Nature 382:73–76

Rahhal B, Heermann S, Ferdinand A, Rosenbusch J, Rickmann M,

Krieglstein K (2009) In vivo requirement of TGF-beta/GDNF

cooperativity in mouse development: focus on the neurotrophic

hypothesis. Int J Dev Neurosci 27:97–102

Roussa E, Oehlke O, Rahhal B, Heermann S, Heidrich S, Wiehle M,

Krieglstein K (2008) Transforming growth factor beta cooper-

ates with persephin for dopaminergic phenotype induction. Stem

Cells 26:1683–1694

Sánchez MP, Silos-Santiago I, Frisén J, He B, Lira SA, Barbacid M

(1996) Renal agenesis and the absence of enteric neurons in mice

lacking GDNF. Nature 382:70–73

Sanford LP, Ormsby I, Gittenberger-de Groot AC, Sariola H,

Friedman R, Boivin GP, Cardell EL, Doetschman T (1997)

TGFbeta2 knockout mice have multiple developmental defects

that are non-overlapping with other TGFbeta knockout pheno-

types. Development 124:2659–2670

Sauer H, Rosenblad C, Björklund A (1995) Glial cell line-derived

neurotrophic factor but not transforming growth factor beta 3

prevents delayed degeneration of nigral dopaminergic neurons

following striatal 6-hydroxydopamine lesion. Proc Natl Acad Sci

USA 92:8935–8939

Schober A, Peterziel H, von Bartheld CS, Simon H, Krieglstein K,

Unsicker K (2007) GDNF applied to the MPTP-lesioned

nigrostriatal system requires TGF-beta for its neuroprotective

action. Neurobiol Dis 25:378–391

Tomac A, Lindqvist E, Lin LF, Ogren SO, Young D, Hoffer BJ,

Olson L (1995) Protection and repair of the nigrostriatal

dopaminergic system by GDNF in vivo. Nature 373:335–339

Aged Tgfb2/Gdnf mice show no alterations in the nigrostriatal system 727

123


	Aged Tgf beta 2/Gdnf double-heterozygous mice show  no morphological and functional alterations in the nigrostriatal system
	Abstract
	Introduction
	Materials and methods
	Animals
	Genomic DNA isolation and genotyping
	RNA isolation and RT-PCR
	Determination of striatal DA and metabolites
	Immunohistochemistry
	Striatal TH fiber density measurements
	Stereological analysis of TH-positive cells
	Western blot

	Statistics

	Results
	Reduced mRNA levels of Tgf beta 2 and Gdnf  in heterozygous animals
	Reduced protein levels of Tgf beta 2 and Gdnf  in heterozygous mice
	Morphology, distribution and number of TH-ir neurons in SNpc of aged Tgf beta 2+/minus/Gdnf+/minus mice
	Striatal TH fiber density
	Normal striatal dopamine levels in aged  Tgf beta 2+/minus/Gdnf+/minus mice

	Discussion
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


