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Abstract
Few studies have compared the processing of endogenous human amyloid precursor protein (APP) in younger and older neurons. Here,
we characterized LUHMES cells as a human model to study Alzheimer’s disease-related processes during neuronal maturation and aging.
Differentiated LUHMES expressed and spontaneously processed APP via the secretase pathways, and they secreted amyloid ␤ (A␤) peptide.
This was inhibited by cholesterol depletion or secretase inhibition, but not by block of tau phosphorylation. In vitro aged cells increased
A␤ secretion without upregulation of APP or secretases. We identiﬁed the medium constituent glial cell line-derived neurotrophic factor
(GDNF) as responsible for this effect. GDNF-triggered A␤ release was associated with rapid upregulation of the GDNF coreceptor
“rearranged during transfection” (RET). Other direct (neurturin) or indirect (nerve growth factor) RET activators also increased A␤, whereas
different neurotrophins were ineffective. Downstream of RET, we found activation of protein kinase B (AKT) to be involved. Accordingly,
inhibitors of the AKT regulator phosphatidylinositol-3-kinase completely blocked GDNF-triggered AKT phosphorylation and A␤ increase.
This suggests that RET signaling affects A␤ release from aging neurons.
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1. Introduction
Amyloid precursor protein (APP) is abundantly expressed in neurons and can be proteolytically processed by
several secretases. The soluble extracellular peptide sAPP␣
is released by ␣-secretase. Alternative cleavage by ␤-secretase (BACE) releases a slightly smaller soluble N-terminal
fragment (sAPP␤). The ␥-secretase complex is able to process the remaining membrane-bound C-terminal fragments.
Sequential ␤- and ␥-secretase cleavage generates the amyloid ␤ peptide (A␤), which is prone to aggregate and to form
the plaques that are a hallmark of Alzheimer’s disease (AD)
(Zhang et al., 2011). A␤ levels have been found to increase
with age in human brains (Fukumoto et al., 1996) and APP
transgenic mouse lines (Hsiao et al., 1996). Thus, age-
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related cellular changes that affect the pathways of A␤
generation or clearance are regarded as major factors in the
etiology of AD. The causes for these changes are still
largely unknown. The same holds true for the formation of
intracellular neuroﬁbrillary tangles, the second hallmark of
AD. Their main component is the hyperphosphorylated
form of the microtubule-associated protein tau. The interaction of phosphorylated tau and A␤ may accelerate the
progressive neurodegeneration in the course of AD (Ballatore et al., 2007; Ittner and Götz, 2011).
Glial cell line-derived neurotrophic factor (GDNF) and
its congeners neurturin (NRTN), artemin, and persephin
comprise the group of neurotrophic GDNF family ligands
(GFLs) (Airaksinen and Saarma, 2002). GFLs signal
through their cognate receptors, consisting of a GDNF family receptor ␣ subunit (GFR␣1– 4) as ligand binding component speciﬁc for each member, and the “rearranged during transfection” (RET) receptor tyrosine kinase as common
signaling component (Takahashi, 2001). RET activation can
also be elicited by nerve growth factor (NGF), probably due
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to a crosstalk between neurotrophic tyrosine kinase receptor
type 1 (TrkA) and RET (Tsui-Pierchala et al., 2002). RET
targets several downstream signaling cascades, such as the
mitogen-activated protein kinase (MAPK), phosphatidylinositol-3-kinase (PI3K), phospholipase C␥ (PLC␥) and Src
kinase pathways (Manié et al., 2001; Wells and Santoro,
2009).
In contrast to the role of GDNF-triggered RET signaling
in neuronal survival and differentiation (Airaksinen and
Saarma, 2002), its effect on the production of A␤ has not
been well examined due to the lack of model systems. Other
receptor tyrosine kinases such as those stimulated by NGF
or brain-derived neurotrophic factor (BDNF), have been
more easily accessible and are known to modulate A␤
generation (Adlerz et al., 2007; Gianni et al., 2003; Matrone
et al., 2008a; Zou et al., 2007).
LUHMES cells are conditionally immortalized human
neuronal precursor cells (Lotharius et al., 2002). Upon inactivation of the v-myc transgene expression by tetracycline,
they differentiate into a homogeneous population of irreversibly postmitotic and electrically active neurons within 5
days (Scholz et al., 2011). Besides their general neuronal
characteristics, such as the formation of an extensive neurite
network (Stiegler et al., 2011), the cells show features of
dopaminergic neurons (Lotharius et al., 2005; Schildknecht
et al., 2009), including RET expression and responsiveness
to GDNF. So far, investigations regarding proteins relevant
for Alzheimer’s disease in LUHMES cells have been neglected, although nigral neurodegeneration and the presence
of A␤ plaques in the striatum of AD brains have been well
documented by several groups (Kalaitzakis et al., 2008;
Uchihara et al., 1992; Villemagne et al., 2009). This indicates that substantia nigra neurons are indeed able to secrete
pathologic A␤ (Cai et al., 2010) and could play a so far
underestimated role in AD, for example by seeding plaques
through the terminals of their projections as has been proposed for brainstem neurons (Muresan and Muresan, 2008).
We initiated this study to investigate the expression and
processing of AD-relevant proteins in LUHMES cells. Our
ﬁndings suggest that differentiated LUHMES provide the
opportunity to examine changes of endogenous human tau
and APP within the same cell. Moreover, they allow the
study of effects of the neuronal maturation status and of
neurotrophic factor signaling, such as the GDNF-RET system, on APP processing.
2. Methods
2.1. Chemicals
Wortmannin, LY294002, rapamycin, phorbol 12,13dibutyrate (PDBu), methyl-␤-cyclodextrin (M␤CD), and
simvastatin were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Simvastatin was dissolved in ethanol and turned
into the activated acid form by treatment with NaOH prior
to use (Sadeghi et al., 2000). Bisindolylmaleimide 1 (Bis1),

SU6656, U0126, the indolinone-based RET receptor tyrosine kinase inhibitor RPI-1 (Cuccuru et al., 2004), and
okadaic acid as well as the BACE inhibitor “isophtalamide
derivative” (IPAD, sold as beta-secretase inhibitor IV)
(Stachel et al., 2004; Volbracht et al., 2009), OM99-2, and
N-[N-(3,5-di-ﬂuorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT) were purchased from Merck
(Darmstadt, Germany). CHIR98014 and PIK-90 were from
Axon Instruments Medchem (Groningen, The Netherlands).
LY450139 and the BACE inhibitor “aminoquinazoline derivative” (AQD, originally named BACE inhibitor 3a)
(Baxter et al., 2007) were synthesized following the
schemes provided by Lilly (Indianapolis, IN, USA).
2.2. Cell culture
LUHMES were grown and differentiated at 37 °C in a
humidiﬁed 95% air/5% CO2 atmosphere as described previously (Schildknecht et al., 2009; Scholz et al., 2011). In
brief, Nunclon plastic lab ware (Nunc, Roskilde, Denmark)
or glass cover slips (Menzel, Braunschweig, Germany) were
precoated for 3 hours with poly-L-ornithine/ﬁbronectin
(Sigma-Aldrich) in H2O. Cells were plated after enzymatic
dissociation with advanced trypsin versene (ATV) solution
(138 mM NaCl, 5.4 mM KCl, 6.9 mM NaHCO3, 5.6 mM
D-glucose, 0.54 mM ethylenediaminetetraacetic acid
(EDTA), 0.5 g/L trypsin from bovine pancreas type-II-S; all
Sigma-Aldrich). Proliferation medium consisted of Advanced DMEM/F12 (Invitrogen, Karlsruhe, Germany), 2
mM L-glutamine (Sigma-Aldrich), 1⫻ N-2 supplement (Invitrogen), and 40 ng/mL recombinant basic ﬁbroblast
growth factor (bFGF, R&D Systems, Minneapolis, MN,
USA). For differentiation, 6 ⫻ 106 LUHMES were seeded
into a T175 ﬂask in proliferation medium and differentiation
was started after 24 hours (d0). Standard differentiation
medium for G⫹ cells consisted of Advanced DMEM/F12, 2
mM L-glutamine, 1⫻ N-2 supplement, 1 mM dibutyryl
3’,5’-cyclic adenosine monophosphate (cAMP, Sigma-Aldrich), 1 g/mL tetracycline (Sigma-Aldrich), and 2 ng/mL
recombinant human GDNF (R&D Systems), whereas differentiation toward G⫺ cells was achieved with medium
lacking GDNF. After 48 hours of predifferentiation,
LUHMES were trypsinized and transferred into multiwell
plates at 1.4 ⫻ 105 cells/cm2. Differentiation was continued
for up to 8 days (d2– d10). For substitution experiments,
50-200 ng/mL human recombinant insulin-like growth factor 1 (IGF1; BioVision, Mountain View, CA, USA), 10-40
ng/mL recombinant human BDNF (R&D Systems), 20-60
ng/mL recombinant human beta NGF (R&D Systems), or
10-40 ng/mL recombinant human NRTN (R&D Systems)
were added to the differentiation medium instead of GDNF.
In titration experiments, 0.5-8 ng/ml GDNF or 5-80 ng/ml
NRTN/NGF were applied to d8 LUHMES for 24 hours.
Viability of cells under different conditions was regularly
controlled by biochemical methods (resazurin reduction,
lactate dehydrogenase release) and life cell staining as de-
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scribed previously (Schildknecht et al., 2011; Stiegler et al.,
2011).
2.3. RET knockdown
For knockdown experiments, we purchased two different
RET small interfering (si)RNAs from Thermo Scientiﬁc
Dharmacon (Lafayette, CO, USA): RET1: 5=-UGG CGA
AGG CGA CGU CCG GUdT dT-3=; (Futami and Sakai,
2009); RET2: 5=-GGA GAA GAU GGU UAA GdTdT-3=,
(designed using AiO bioinformatics software; Karreman,
2002). Furthermore, we used an siRNA against green ﬂuorescent protein (GFP) as negative control (5=-GCA AGC
UGA CCU GAA GUU TT-3=, Euroﬁns MWG Operon,
Ebersburg, Germany). LUHMES were transfected on d2 in
12-well dishes with 100 nM siRNA, using Lipofectamine2000 (LF; Invitrogen) according to the manufacturer’s instructions. Brieﬂy, for each 12-well, 2 L LF and the
siRNA were diluted separately in 75 L Opti-MEM (Invitrogen) and incubated for 5 minutes at room temperature.
Subsequently, the siRNA and LF mixtures were combined
and complexes allowed to form for 20 minutes. During that
time, d2 LUHMES were trypsinized and seeded into 12well plates at 550,000 cells per well. Immediately after the
plating step, 150 L of the siRNA-lipid complexes were
added per well. For a prolonged knockdown until d9, cell
transfection was repeated on d6 by adding the siRNA-lipid
complexes to the adherent cells after a medium change.
2.4. Immunocytochemistry
LUHMES on 15-mm glass cover slips were ﬁxed on d0,
d5, and d10 of differentiation with 4% paraformaldehyde in
phosphate buffered saline (PBS) for 15 minutes at room
temperature. After a 10-minute permeabilization step with
0.2% Triton X-100/PBS, cells were preincubated with 1%
bovine serum albumin (BSA)/PBS (Calbiochem, San Diego, CA, USA) for 1 hour at room temperature. Subsequently, primary antibodies were added in 1% bovine serum
albumin/PBS for overnight incubation at 4 °C (see Supplementary Fig. 1). Cells were then rinsed 3 times with PBS,
and anti-rabbit Alexa-488 and anti-goat Alexa-488 (1:1000;
Molecular Probes, Eugene, OR, USA) were applied as secondary antibodies for 1 hour at room temperature. After 3
washing steps, Hoechst-33342 (H-33342) (1 g/mL; Molecular Probes) was added for 10 minutes and cover slips
were then mounted on glass slides with Fluorsave reagent
(Calbiochem). Samples were imaged with an Olympus IX
81 inverted epiﬂuorescence microscope (Hamburg, Germany), using a 100⫻ oil objective. Image processing was
carried out with the Olympus CellP 3.3 software. For quantiﬁcation of the neurite network density, cells were stained
with 1 M calcein-AM and 1 g/mL H-33342 for 30
minutes at 37 °C. Image acquisition was carried out on an
automated microplate reading microscope (Array-ScanII
HCS Reader; Cellomics, Pittsburgh, PA, USA), and the

total neurite area was normalized to the number of viable
cells as already described (Stiegler et al., 2011).
2.5. Scanning electron microscopy
Scanning electron microscopy (SEM) was performed by
Dr. J. Hentschel at the Electron Microscopy Service (EMS),
University of Konstanz, as described previously (Scholz et
al., 2011). Brieﬂy, d5 and d10 LUHMES on 10-mm glass
cover slips were ﬁxed for 30 minutes with cold 2% glutaraldehyde/3% formaldehyde in 0.1 M pH 7.4 cacodylate
buffer (0.09 M sucrose, 0.01 M CaCl2 and 0.01 M MgCl2;
all Sigma-Aldrich). Samples were prepared for SEM, which
was performed with a Philips SEM 505 (Eindhoven, The
Netherlands) at 30 kV accelerating voltage. The digitally
recorded images were processed with ImageJ 1.43s (National Institutes of Health, Bethesda, MD, USA; rsb.info.nih.
gov/ij/) software.
2.6. Quantitative reverse-transcription polymerase chain
reaction (PCR)
For quantitative reverse-transcription PCR (qPCR) analysis, total RNA was extracted by using the RNeasy mini kit
(Qiagen, Hilden, Germany) according to manufacturer’s
instructions. Synthesis of cDNA from 1 g of total RNA
was carried out with Superscript II Reverse Transcriptase
(Invitrogen) using random hexamers and oligodT primer.
The cDNA was ampliﬁed using Platinum SYBR Green
qPCR SuperMix (Invitrogen) and gene-speciﬁc primer pairs
(Euroﬁns MWG Operon), listed in Supplementary Fig. 1.
Alternatively, cDNAs were synthesized from 1 g of total
RNA, isolated from cells of 3 independent differentiations,
by the RT2 ﬁrst strand kit (SABiosciences, Frederick, MD,
USA). The cDNAs were separately analyzed with Human
Alzheimer’s Disease PCR Arrays (Cat. no. PAHS-057; SABiosciences), containing 84 preselected primer pairs for
AD-related genes (see Supplementary Fig. 2). All qPCRs
were run in a Bio-Rad Light Cycler (Bio-Rad, Munich,
Germany) and analyzed with Bio-Rad iCycler software (iQ5
2.0). The expression level of each gene was calculated from
the threshold cycle (ct) as relative expression compared
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(2⫺⌬ct) or as fold change relative to d0 (2⫺⌬⌬ct) as already
described (Scholz et al., 2011).
2.7. Western blotting
Samples were prepared as described earlier (Falsig et al.,
2004). Brieﬂy, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-base pH 7.5, 1 mM
ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl,
0.25% sodium deoxycholate, 1% Triton X-100, 1 mM
Na3VO4, 50 mM NaF, 0.1% sodium dodecyl sulfate (SDS);
all Sigma-Aldrich), supplemented with protease (Roche Diagnostics, Mannheim, Germany) and phosphatase (SigmaAldrich) inhibitors, for 15 minutes at 4 °C. After soniﬁcation and centrifugation of the samples, the protein
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concentrations were determined with the Pierce BCA protein assay kit (Thermo Scientiﬁc, Rockford, IL, USA). Protein samples (20 –30 g) were boiled for 10 minutes with
Laemmli buffer (pH 6.8, 63 mM Tris-HCl, 10% glycerol,
2% SDS, 0.0025% bromophenol blue; all Sigma-Aldrich)
and separated by 10% Tris-glycine SDS polyacrylamide gel
electrophoresis (PAGE). After transfer of the protein bands
onto nitrocellulose membranes using the iBlot dry blotting
system (Invitrogen), membranes were blocked with 3%
milk in Tris-buffered saline/0.1% Tween (TBST) buffer for
1 hours at room temperature. Primary antibodies were then
added in 3% milk in Tris-buffered saline/0.1% Tween overnight at 4 °C (see Supplementary Fig. 1). Membranes were
rinsed and incubated for 1 hour at room temperature with
goat anti-mouse and goat anti-rabbit (1:8000; Jackson Immuno Research Europe, Suffolk, UK), or rabbit anti-goat
(1:10,000; Sigma-Aldrich) secondary antibodies, conjugated to horseradish peroxidase. After repeated washing,
blots were visualized in a FUSION-SL 4.2 MP chemiluminescence system (Peqlab, Erlangen, Germany) using Pierce
ECL Western blotting substrate (Thermo Scientiﬁc).
2.8. A␤1– 40 and sAPP␣/␤ quantiﬁcation
Secreted A␤1– 40 and sAPP␣/␤ were always measured 24
hours after medium change in the conditioned supernatant
of LUHMES cells. A␤ was directly detected by an A␤1– 40speciﬁc sandwich enzyme-linked immunosorbent assay
(ELISA) kit (Invitrogen) (Volbracht et al., 2009). For sAPP
quantiﬁcation, 4 mL of supernatant were concentrated 20fold with Amicon centrifugal ﬁlter units (Millipore, Billerica, MA, USA) before being applied to sAPP␣- or
sAPP␤-speciﬁc ELISAs (IBL International, Hamburg, Germany). A␤ and sAPP concentrations in the supernatants
were normalized to the protein concentrations in the respective cell lysates. Typical product amounts per g cell protein, released by G⫹ cells from d9 to d10, were 14.3 pg
sAPP␣, 7.8 pg sAPP␤, and 2 pg A␤1– 40. For Western
blotting of sAPP␣/␤, normalized volumes (25–30 L, depending on the cellular protein content) of the concentrated
supernatants were subjected to 8% Tris-glycine SDS polyacrylamide gel electrophoresis (PAGE) as described above.
2.9. Statistics
Experiments were repeated 2– 6 times with different lots
of cells. All data are displayed as means ⫾ standard error of
the mean unless indicated otherwise. Statistical analyses
were performed by 1-way analysis of variance (ANOVA)
with Dunnett’s or Newman-Keuls post tests as appropriate,
using the GraphPad Prism 4.0 software (San Diego, CA,
USA). Data points were considered signiﬁcantly different if
p ⬍ 0.05. The half maximal inhibitory concentration (IC50)
values were derived from curves obtained by sigmoidal
dose-response curve ﬁtting (GraphPad Prism).

3. Results
3.1. Expression and maturation of AD-relevant markers
during differentiation
For characterization of AD-related marker expression in
LUHMES cells, we quantiﬁed the levels of 86 AD-relevant
messenger (m)RNAs in proliferating (d0), differentiated
(d5), and in aging (d10) cells (see Supplementary Fig. 2 for
complete data). Already at the neuronal precursor cell stage
(d0), APP family genes and components of the ␣-, ␤- and
␥-secretases were expressed at high levels (relative to
GAPDH and other neural genes). Only BACE2 levels were
below the detection limit. During differentiation, BACE1,
PSEN1, and APP were upregulated approximately 4-fold on
d5, and then remained at that level until d10 (Fig. 1A).
Some nonprotease genes involved in APP turnover, such as
APOE or LRP1, were more weakly expressed on d0, but
also more dynamically regulated during differentiation than
the other genes (Fig. 1A).
When protein levels of BACE and APP were examined
on d0 and d2, we found that they were mostly present in
their immature, low molecular weight forms with only partial posttranslational modiﬁcations (Fig. 1B). The majority
of the detected BACE proteins still carried the propeptide,
which is known to be cleaved off during or after the passage
through the Golgi apparatus. From d4 onward, increased
protein amounts (APP and BACE) and a shift from the
immature to the mature forms were detectable. No further
changes occurred until d10 (Fig. 1B). The latter ﬁnding
correlated well with the mRNA data, showing a steady state
situation from d5 onward. In summary, LUHMES express
increasing amounts and progressively maturing forms of
AD-relevant proteins during differentiation, and cells at
different stages may be used to study human APP and
BACE in their different posttranslationally modiﬁed forms
without need for ectopic expressions.
3.2. Modulation of proteolytic processing of APP in
differentiated LUHMES
As the pathophysiology of APP is closely linked to its
proteolytic processing, we examined the latter process during the differentiation of LUHMES. At an early stage of
differentiation, ␣- and ␤-secretase activity appeared to be
low, as soluble APP␣ (sAPP␣) and soluble APP␤ (sAPP␤)
were found in only very low amounts in the culture supernatants (Fig. 2A). The concentration of secreted A␤1– 40 was
also low (Fig. 2B). Until d5, generation of all protein fragments strongly increased, and the secretion of A␤ and
sAPP␤ further augmented until d10 (Fig. 2A and B) in spite
of constant expression of the main genes/proteins (Fig. 1).
Thus, d5 LUHMES express a fully developed machinery for
the processing of endogenous APP and the generation of
amyloidogenic peptides.
To further qualify LUHMES cells as a model to study
AD-relevant processes, we tested some pharmacological
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Fig. 1. Changes of Alzheimer’s disease (AD)-related messenger (m)RNAs and proteins during differentiation. (A) Transcript levels in day (d)0, d5 and d10
LUHMES were analyzed by quantitative reverse-transcription polymerase chain reaction (qPCR). Data are displayed relative to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA levels and are means ⫾ standard error of the mean of 3 independent differentiations. The regulation factors on d5/d10
relative to d0 (x-fold regulation) are indicated above the bars. Where numbers are indicated, the regulation was signiﬁcant (p ⬍ 0.05). Nonsigniﬁcant changes
are marked by “n.s.” The abbreviations are the ofﬁcial gene symbols according to the HUGO gene nomenclature committee (HGNC) database; 4R-MAPT
refers to the long MAPT isoform with exon 10 included. (B) Lysates were obtained from differentiating cells at different stages and analyzed with 3 different
antibodies (with GAPDH as loading control) by Western blot analysis. The amyloid precursor protein (APP) antibody recognized 3 bands corresponding to
immature and mature forms of the protein. The ␤-secretase (BACE) antibody stained primarily the mature glycosylated protein, whereas the serum raised
against the BACE propeptide (proBACE) only recognized immature BACE forms with no, or with partial (asterisk) glycosylation.

interventions known to affect A␤ generation in other systems. First, we depleted the cells of cholesterol, because this
has been reported to lead to reduced A␤ generation due to
disorganization of lipid rafts and a subsequent redistribution
of APP and BACE (Guardia-Laguarta et al., 2009; Simons
et al., 1998). Indeed, we found that treatment of cells for
1–2 days with the cholesterol synthesis inhibitor simvastatin
in combination with the cholesterol chelator methyl-␤-cyclodextrin resulted in a signiﬁcant decrease in secreted A␤
(Fig. 2C). The applied concentrations of the drugs were
noncytotoxic, and the effect was rescued by the readdition
of cholesterol (not shown). In a second set of experiments,
we incubated LUHMES with cell permeable BACE and
␥-secretase inhibitors. Inhibition of BACE with IPAD resulted in a block of A␤ generation with an IC50 of 2 nM, as
expected from other neuronal systems (Volbracht et al.,
2009) (Fig. 2D). Inhibitors of ␥-secretase also reduced A␤
levels in the nanomolar range and the pharmacological
efﬁcacy of all drugs was similar in d5 and d10 cells (Sup-

plementary Fig. 3). To further probe the site of APP processing by BACE, we used the highly potent (Ki value ⫽
1.6 nM), but cell impermeable, BACE inhibitor OM99-2
(Gosh et al., 2000). This compound did not lower A␤ levels
unless micromolar concentrations were used (IC50 ⫽ 2 M)
(Fig. 2D). These ﬁndings suggest that APP and/or BACE
reside in cholesterol-rich membrane compartments (“lipid
rafts”) in LUHMES and that APP cleavage mainly takes
place in an intracellular compartment. In this respect, the
LUHMES cell model is similar to primary neurons.
3.3. Increased A␤ production in aged LUHMES is
independent of tau changes
As we were interested in the cellular changes causing the
increase of A␤ secretion in aging cells, we asked whether
increased A␤ was linked to the morphology of neurites and
to the expression or phosphorylation status of microtubule
associated protein tau (MAPT). Our qPCR analyses re-
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Fig. 2. Proteolytic amyloid precursor protein (APP) processing during differentiation and cell treatment. (A) Conditioned medium was collected from
LUHMES cultures at different time points of differentiation. Differentiation
day (d)1¡d2, for instance, indicates that medium was changed on d1 and the
supernatant was sampled 24 hours later on d2. The amounts of soluble
(s)APP␣ and sAPP␤ in a deﬁned medium volume were analyzed by Western
blot. One experiment representative for 3 is shown. (B) Amyloid ␤ (A␤)1– 40
was measured by enzyme-linked immunosorbent assay (ELISA) in supernatants as described in (A). The data were normalized to the protein concentrations of the respective cell lysates in the well from which the supernatant was
sampled and are indicated in pg A␤ per g cellular protein. (C) LUHMES (d5)
were treated for 24 hours with 250 M methyl-␤-cyclodextrin (M␤CD) or for
48 hours with 100 M M␤CD together with various nontoxic concentrations
of simvastatin (Simvac) as indicated. Then, medium was changed, and simvastatin (but not M␤CD) incubation was continued, and the supernatants were
analyzed 24 hours later for secreted A␤1– 40. (D) LUHMES (d9) were treated
after a medium change with the cell permeable small molecule ␤-secretase
(BACE) inhibitor isophtalamide derivative (IPAD) or with the cell-impermeable peptidic inhibitor OM99-2. After 24 hours, A␤1– 40 was analyzed in the
conditioned supernatant by ELISA. Data in (B–D) are mean ⫾ standard error
of the mean (n ⫽ 3– 6). * p ⬍ 0.05, ** p ⬍ 0.01.

vealed that MAPT expression from d0 – d10 displayed the
strongest regulation pattern of all genes investigated (Fig.
1A). As different isoforms of tau are known to be developmentally regulated (Buée et al., 2000), we also used a
primer pair only annealing to the 4-repeat-(4R-) tau transcripts involved in tau pathology. Expression of these transcripts was below the detection limit on d0, and then
strongly increased during the next days. Thus, only 3-repeat
forms, including fetal tau, were expressed in d0 LUHMES,
and the expression pattern changed with time (Fig. 1A).
This may be linked to prominent changes in the neurite
network, which became denser but also more fragile between d5 and d10, as revealed by ␤III-tubulin immunostaining and scanning electron microscopy (Fig. 3A). To obtain
more information, tau protein expression and phosphorylation were analyzed by Western blot with epitope-speciﬁc
antibodies. The tau-1 antibody recognized bands of several
tau isoforms, not phosphorylated on serine 202/threonine
205 (AT8 epitope), and the levels of most of these isoforms
increased from d0 to d10 (Supplementary Fig. 4). In parallel, a high-molecular weight form, strongly phosphorylated
at the AT8 epitope, and 1–3 bands of lower molecular
weight with phosphorylation on serine 396 (Ser396) were
present in d10 samples, but much less on d5 (Fig. 3B).
These changes, occurring from d5 to d10, could be mimicked by short treatment of d5 cells with okadaic acid
(Supplementary Fig. 4). This toxin inhibits protein phosphatase 2A (PP2A), an enzyme which dephosphorylates tau and
that may be linked to the pathology of AD. In order to test
whether the increased A␤ generation was causing tau phosphorylation, or vice versa, we used the ␥-secretase inhibitor
LY450139 and the compound CHIR98014 that selectively
blocks glycogen synthase kinase 3 (GSK3), one of the
tau-phosphorylating kinases. The kinase inhibitor blocked
phosphorylation of Ser396 and attenuated the one of AT8,
while the secretase inhibitor did not affect tau phosphorylation (Fig. 3C). When the A␤ release was quantiﬁed,
CHIR98014 had no effect on the increased production on
d10, while LY450139 blocked it (Fig. 3D). Moreover, treatment with okadaic acid did not increase A␤ secretion from
d5 cells (Supplementary Fig. 4). Together, these data
strongly suggest that the observed changes in tau phosphorylation, possibly related to neurite changes in aging
LUHMES, are not the cause of the increased A␤ production
in d10 cells—and that A␤ production is not causally involved in the augmented tau phosphorylation.
3.4. Enhanced APP processing and RET expression in
the presence of GDNF
We explored the hypothesis that factors in the differentiation medium might be responsible for the continuous increase
of A␤ production after d5, when mRNA/protein levels themselves were mostly constant. In order to test the role of GDNF,
we grew the cells in the absence of this factor (G⫺ medium),
and compared them with cells in the normal differentiation
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Fig. 3. Pharmacological uncoupling of tau phosphorylation and amyloid ␤ (A␤) generation. (A) Representative ␤III-tubulin immunostainings (left) and
scanning electron microscopy (SEM) images (right) of day (d)5 and d10 LUHMES. Note the ﬁner, more delicate and branched network as well as the more
pronounced rounding of cell bodies on d10. (B) Cell lysates were prepared on different days of differentiation and analyzed for changes of tau by Western
blot. Analysis with the AT8 antibody indicated phosphorylation of serine 202/threonine 205 on d10. The P-Ser396 antibody detected a 50 kDa form of tau,
phosphorylated at serine 396. (C) LUHMES were incubated on d9 either with solvent (Ctrl.) or with the ␥-secretase inhibitor LY450139 (1 M) or the
glycogen synthase kinase 3 (GSK3) inhibitor CHIR98014 (2 M). After 24 hours, protein lysates were prepared and analyzed by Western Blot for AT8,
P-Ser396, and GAPDH (loading control). (D) The experiment was performed as in (C), and the A␤1– 40 concentration was measured in the supernatants of
the cells (d9¡d10). For comparison, the A␤1– 40 concentrations were also quantiﬁed for d5 cells (d4¡d5) in the same experiments. Data are mean ⫾ standard
error of the mean (n ⫽ 2) and images/blots are representative for 2 independent experiments.

medium (G⫹ medium, containing 2 ng/mL GDNF) (Fig. 4A).
The cells, grown in G⫺ medium (G⫺ cells), released similar
amounts of A␤ as G⫹ cells until d5. However, the increase,
normally seen in G⫹ cells at later time points (d7– d10), was
abolished in G⫺ cells (Fig. 4B). For further analysis, we
quantiﬁed ␣- and ␤-secretase cleavage products of APP with
highly speciﬁc ELISAs. The data indicate a signiﬁcant decrease in sAPP␤ levels in G⫺ cells, while sAPP␣ generation
of G⫺ cells was slightly but not signiﬁcantly stronger than in
G⫹ cells (Fig. 4C). These ﬁndings may be explained by
increased ␤-/␥-secretase activities. Alternatively, the release of
cleavage products from cells may be affected. Therefore, we
also measured A␤1– 40 and sAPP␤ in cell lysates. Their levels
were not quantiﬁable as they were at or below the detection
limit, both in G⫹ and G⫺ cells.
To investigate whether an alteration of gene expression and
overall cell differentiation was causing the effects, we compared the mRNA levels of 88 neuronal and AD-relevant genes
in d10 G⫹ and G⫺ cells and found none of 87 genes varying
signiﬁcantly between G⫺ and G⫹ conditions. This also included APP, BACE, all other secretase components, MAPT,
several kinases, the GDNF binding receptor GFRA1, tyrosine
hydroxylase (TH), and the neuronal marker FOX-3. The only
exception was the receptor tyrosine kinase RET (Fig. 5A). We
also examined the protein levels of APP and BACE, and no
evident differences in protein expression or localization of
APP and BACE were observable by immunocytochemistry or

Western blot analysis (Fig. 5B and C). To examine RET expression in more detail, we analyzed mRNA levels in G⫺ and
G⫹ cells over the entire time course of differentiation. The
main upregulation phase of RET started on d5, with a 3.5-fold
difference between G⫺ and G⫹ detectable from d8 onward
(Fig. 5D). On protein level, this was visualized as a strongly
RET-immunoreactive subpopulation of G⫹ LUHMES, which
was lacking in G⫺ cultures (Fig. 5E). In summary, the presence of GDNF resulted in increased levels of the APP-derived
cleavage products A␤ and sAPP␤, and in enhanced RET
expression in d5– d10 LUHMES, while mRNA transcription
of a very broad range of other genes remained unaffected.
3.5. Triggering of increased A␤ in mature LUHMES by
RET-activating ligands
Having identiﬁed GDNF as a factor increasing A␤ release, we investigated whether other neurotrophins would
show similar activity. First, we checked in G⫺ cells the
mRNA levels of several growth factor receptors by qPCR
and found that all of them were expressed at the latest on d5
and then either further upregulated (TrkA/B, GFRA2) or
stably expressed (IGF1R, GFRA1) (Fig. 6A). We also found
that neither G⫹ nor G⫺ LUHMES expressed any endogenous GDNF mRNA at any time point, whereas for example
endogenous BDNF mRNA was detected in increasing
amounts from d0 – d10 (Supplementary Fig. 2).
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BDNF and IGF1 (Fig. 6B and C). Determination of the
A␤1– 40 concentration in the supernatant of d10 cells showed
that it was signiﬁcantly increased in comparison with G⫺
cells when GDNF, NGF and NRTN were added. The addition of GDNF on d5 was as efﬁcient as the continuous
presence of GDNF from d0 – d10 (Fig. 6C). In contrast,
incubation of G⫺ cells with medium containing IGF1 or
BDNF did not result in any signiﬁcant increase in A␤
generation (Fig. 6C). Notably, when we depleted G⫹ cells
of GDNF from d5 to d10 to test the reversibility of the
effect, we found that A␤ production considerably decreased
to similar levels as in G⫺ cells (Fig. 6C). These data
demonstrate that GDNF and related RET-signaling factors
are necessary and sufﬁcient to trigger a late increase in A␤
levels and that this effect can be switched on or off in
mature d5– d10 LUHMES.
3.6. Reduced A␤ generation in response to RET
knockdown or inhibition

Fig. 4. Modulation of amyloid precursor protein (APP) processing by glial
cell line-derived neurotrophic factor (GDNF). (A) Schematic representation of the experimental procedure used below. LUHMES were differentiated for 10 days in normal medium containing 2 ng/mL GDNF (G⫹) or
in medium without GDNF (G⫺). At the time points indicated, the cells
received fresh medium, and 24 hours later (gray bars), the conditioned
supernatants were analyzed for accumulated peptides (e.g., d4¡d5). (B)
Supernatants from cells, grown in G⫹ or G⫺ medium, were analyzed for
amyloid beta (A␤)1– 40 as described in Fig. 2. (C) Supernatants were
analyzed for either soluble (s)APP␣ or sAPP␤ by enzyme-linked immunosorbent assay (ELISA). The data were normalized to the protein concentrations of the respective cell lysates and are displayed relative to the
values obtained for G⫹ cells. All data are mean ⫾ standard error of the
mean (n ⫽ 6 – 8). * p ⬍ 0.05, ** p ⬍ 0.01.

We were interested whether the late increase of A␤ was
also triggered by GDNF or other factors when these were
added only to mature cells (from d5 onward). We supplemented d5 G⫺ cells with either GDNF, its close relative
NRTN, or NGF, all of which are able to directly or indirectly activate RET. Alternatively, we used growth factors
signaling exclusively through their own receptors, namely

In order to corroborate the proposed role of RET in A␤
generation, we performed knockdown (KD) experiments
both in young (d2– d5) and old (d6 – d9) G⫹ LUHMES,
using 2 different RET siRNAs. Quantiﬁcation of RET
mRNA levels revealed that RET expression was reduced by
about 50% in both conditions, while GFP siRNA worked as
nonspeciﬁc control (Fig. 7A). The mRNA data were conﬁrmed on protein level by Western blot analysis. Notably,
the RET levels of KD G⫹ cells were reduced to a similar
extent as those of G⫺ cells (Fig. 7B). In d5 cells, RET KD
did not affect the amount of secreted A␤1– 40. In contrast to
this, we observed a signiﬁcant reduction of A␤1– 40 in the
supernatants of KD d9 cells. These data indicate that RET
signaling is only important for A␤ release from older cells.
We used a pharmacological approach to further conﬁrm the
results obtained by RET KD. G⫹ cells were incubated from
d6 to d9 with the RET inhibitor RPI-1 (Cuccuru et al.,
2004). The amount of A␤ in the supernatant was reduced
with increasing inhibitor concentrations, with a maximum
decrease of approximately 50% (Fig. 7D). Western blot
analysis of the RET downstream target protein kinase B
(AKT) revealed reduced amounts of phosphorylated AKT
in RPI-1 treated cells compared with control cells, showing
that RET signaling was efﬁciently inhibited by the compound (Fig. 7E). In summary, these data conﬁrm our hypothesis that the observed A␤ increase in response to GDNF
stimulation is mediated by RET in older (d9), but not in
young (d5) LUHMES cells.
3.7. Immediate trigger of A␤ secretion by RET-signaling
factors
We investigated whether neurotrophic factors would
trigger enhanced A␤ production without preincubation for
several days, and whether this was dose-dependent. For this
purpose, cells were kept in G⫺ medium for 8 days, and the
factors were then added for only 24 hours. In a parallel set
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Fig. 5. Selective effects of glial cell line-derived neurotrophic factor (GDNF) on “rearranged during transfection” (RET) expression. (A) RNA was isolated
from LUHMES that had been grown for 10 days in medium without GDNF (G⫺) or with GDNF (G⫹). The transcript levels (relative to GAPDH) were
quantiﬁed for 88 genes by quantitative reverse-transcription polymerase chain reaction (qPCR). Data are presented in a scatter plot with logarithmic axes.
The dashed line indicates equal expression under both conditions. The 2 solid lines indicate 2-fold differences in gene expression between G⫹ and G⫺
samples. The only gene that was signiﬁcantly differentially expressed was RET (arrow). (B) Immunostaining of day (d)9 G⫹ and G⫺ cells for amyloid
precursor protein (APP) and ␤-secretase (BACE). DNA was labeled with Hoechst dye H-33342. (C) Western blot detection of APP and BACE in cell lysates
of LUHMES, grown for 8 –10 days in G⫹ or G⫺ medium. (D) The mRNA expression levels of RET were determined by qPCR at the indicated days of
differentiation for G⫹ and G⫺ cells and are displayed relative to d0 on a linear scale. (E) Cells, grown in G⫹ or G⫺ medium, were immunostained on d10
for RET. DNA was labeled with H-33342. Data in (A) and (D) are mean ⫾ standard error of the mean of 3 independent differentiations. ** p ⬍ 0.01.
Blots/images in (B), (C) and (E) are representative for 3 experiments.

of experiments, d8 G⫹ cells were used to test whether a
further increase in neurotrophic factors would also further
boost A␤ secretion (Fig. 8A). Addition of increasing concentrations of GDNF to G⫺ cells resulted in an increase of
A␤ at optimum concentrations of about 2 ng/mL (⫽ 134 pM
monomer), and to a loss of the effect at higher concentrations (Fig. 8B). Also for NGF and NRTN, there was a
deﬁned concentration window in which supplementation
resulted in the described A␤ increase in G⫺ cells, with
optimum concentrations of 40 ng/mL NGF and 20 ng/mL
NRTN (Supplementary Fig. 5). Notably, also G⫹ cells were
stimulated by additional GDNF to produce 30% more A␤
(Fig. 8B, right). G⫹ cells, supplemented with a total of 3– 4
ng/mL GDNF, produced about 200% A␤ compared with
G⫺ cells. Both in G⫺ and in G⫹ cells, the increased A␤
production in response to GDNF was paralleled by a decreased release of sAPP␣. High concentrations of GDNF,
which did not lead to augmented A␤ production, did also
not affect sAPP␣ (Fig. 8C). To a certain degree, the regu-

lation of RET mRNA levels paralleled these effects. Supplementation of G⫺ cells with optimal GDNF concentrations, triggering an A␤ increase, was accompanied by a
strong upregulation of RET, while “overdoses” of GDNF
did not signiﬁcantly upregulate RET (Fig. 8C, left). In G⫹
cells, there was no signiﬁcant increase in RET mRNA expression at any given concentration of GDNF (Fig. 8C,
right), possibly because the maximal level had already been
reached. In agreement with this assumption, the acute depletion of GDNF from G⫹ cells resulted in an immediate
reduction of the RET mRNA level (Fig. 8C, right). Possible
sAPP␤ alterations were not quantiﬁable in the GDNF addition/deprivation experiments, most likely due to the short
accumulation time and the lower overall levels.
For a direct comparison of the neurotrophic factors, we
incubated d8 G⫺ cells with the respective optimal concentrations of 3 neurotrophins for 24 hours. Signiﬁcantly raised
A␤ concentrations were detected in all supernatants, with a
rank order of the stimuli of NGF ⬍ NRTN ⬍ GDNF. This
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Fig. 6. Increased production of amyloid ␤ (A␤), triggered by glial cell
line-derived neurotrophic factor (GDNF). (A) RNA was prepared from
LUHMES cells grown in medium without GDNF (G⫺) on various days of
differentiation. The expression levels of genes coding for growth factor receptors were quantiﬁed and the data are indicated relative to the levels on day (d)5.
The neurotrophic peptides, expected to bind to the respective receptors, are
indicated in brackets. (B) Schematic representation of the experimental approach below. (I–III) LUHMES were differentiated from d0 to d5 in G⫺
medium (without GDNF). From d5 to d10, the G⫺ condition was continued
(I), or 2 ng/mL GDNF were added (II), or another neurotrophic factor (neurotr.
X) was added (III): 20 ng/mL brain-derived neurotrophic factor (BDNF), 50
ng/mL insulin-like growth factor 1 (IGF1), 40 ng/ml NGF or 20 ng/ml NRTN.
(IV–V) As reverse control, cells were incubated in G⫹ medium (2 ng/mL
GDNF) from d0 to d5. Then, GDNF was added further (IV), or was withdrawn
(V). A␤ generation was measured in all cases after the last 24 hours. (C)
Measurement of A␤ secretion (normalized to cellular protein) in cells grown
under the conditions described in (B). Data are mean ⫾ standard error of the
mean (n ⫽ 3). * p ⬍ 0.05, ** p ⬍ 0.01; “n.s.” refers to no statistically
signiﬁcant difference compared with the G⫺ control. Abbreviations:
GFRA1/2, GDNF family receptor Alpha 1/2; IGF1(R), insulin-like growth
factor 1 (receptor); NGF, nerve growth factor; NRTN, neurturin; TrkA/B,
neurotrophic tyrosine kinase receptor type 1/2 (NTRK1/2).

regulation of A␤ was paralleled by an increase in RET
mRNA with similar rank order of the neurotrophic peptides
(not signiﬁcant in the case of NGF) (Fig. 8D). Upregulation

Fig. 7. Effects of “rearranged during transfection” (RET) knockdown or RET
inhibition on amyloid ␤ (A␤) generation. (A) Cells grown in medium with
glial cell line-derived neurotrophic factor (GDNF) (G⫹) were transfected on
day (d)2, or on d2 and d6 with RET or green ﬂuorescent protein (GFP) small
interfering (si)RNA. Three days after the last transfection, RNA extracts were
prepared and analyzed for RET mRNA expression by quantitative reversetranscription polymerase chain reaction (qPCR). Average values of 2 different
siRNAs are displayed relative to GFP siRNA controls. (B) Cell lysates were
prepared from d9 cells grown in medium without GDNF (G⫺)/G⫹ control
cells and from G⫹ cells, which had been transfected with GFP or RET siRNA.
Samples were analyzed for RET expression by Western blot, GAPDH served
as loading control. (C) Detection of A␤1– 40 in supernatants of G⫹ cells treated
as in (A), 24 hours after a medium exchange. Data are shown relative to GFP
siRNA control. (D) G⫹ cells were treated from d6 to d9 with different
concentrations of the RET inhibitor RPI-1. After a medium change on d8 (and
fresh addition of RPI-1), the supernatants were analyzed 24 hours later for
secreted A␤1– 40. Data are displayed relative to untreated control cells. (E) G⫹
cells either were left untreated or were treated with 50 M RPI-1 from d6 to
d9, and cell lysates were analyzed on d9 for protein kinase B (AKT) and
phospho-AKT (P-AKT). GAPDH served as loading control. All data are mean
⫾ standard error of the mean (n ⫽ 3). * p ⬍ 0.05, ** p ⬍ 0.01.
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Fig. 8. Rapid regulation of amyloid ␤ (A␤) production by “rearranged during transfection” (RET) ligands. (A) Schematic representation of the experimental
approaches below. Cells were grown from day (d)0 to d8 in medium without (G⫺) or with glial cell line-derived neurotrophic factor (GDNF) (G⫹).
Neurotrophic factors (neurotr. X) or different concentrations of GDNF (no GDNF or x ng/mL GDNF) were added only for 24 hours from d8 to d9, and A␤
accumulation in the medium during this time was monitored. (B) G⫺ (left) or G⫹ (right) cells were incubated from d8 to d9 with media containing various
concentrations of GDNF as indicated (conditions III, V, and VI in A). Supernatants were analyzed after 24 hours for A␤1– 40 and data are displayed relative
to the A␤ generation of the respective G⫺ or G⫹ controls (conditions I and IV). (C) G⫺ (left) or G⫹ (right) cells were treated as in (B). After 24 hours,
soluble amyloid precursor protein (sAPP)␣ was detected in the supernatants, and RET expression was quantiﬁed by quantitative reverse-transcription
polymerase chain reaction (qPCR) after RNA isolation from cell lysates. (D) G⫺ cells were incubated from d8 to d9 with the experimentally determined
optimal concentrations of neurotrophic factors: 40 ng/mL nerve growth factor (NGF), 20 ng/mL neurturin (NRTN), 2 ng/mL GDNF (conditions II, III). Left:
A␤ was measured and is displayed relative to G⫺ controls. Right: On d9, RET mRNA levels were determined by qPCR and normalized to GAPDH. They
are shown relative to the RET mRNA levels of G⫺ controls. All data are mean ⫾ standard error of the mean (n ⫽ 3– 6). * p ⬍ 0.05, ** p ⬍ 0.01, “n.s.”
refers to no statistically signiﬁcant difference to the respective G⫹ or G⫺ controls.

of RET by GDNF also took place on the protein level as
revealed by immunocytochemistry and Western blot (Supplementary Fig. 5).
Taken together, these experiments demonstrate that triggers of RET signaling can increase A␤ production and
reduced sAPP␣ release within 24 hours. Moreover, downward changes of A␤ production after GDNF withdrawal are
slower than the upward changes after addition of GDNF,

while RET expression is quickly regulated by increased or
decreased receptor stimulation.
3.8. Identiﬁcation of the PI3K/AKT/mTOR pathway as
contributor to GDNF-triggered A␤ increase
In order to obtain information on downstream effectors
of the GDNF-RET signaling cascade, we examined whether
speciﬁc inhibitor compounds would block the GDNF-stim-
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ulated A␤ increase. When d8 G⫺ cells were treated with the
protein kinase C (PKC) inhibitor bisindolylmaleimide 1
(Bis1) during the period of GDNF addition, we found no
signiﬁcant difference in A␤ generation between control and
Bis1-treated cells (Fig. 9A). This is consistent with our
ﬁnding that the PKC activator phorbol 12,13-dibutyrate did
not mimic GDNF effects (Supplementary Fig. 6). The
GDNF-triggered A␤ increase was also not affected by incubation of the cells with the Src kinase inhibitor SU6656;
it was slightly attenuated by the MEK1/2 inhibitor U0126
(Fig. 9A). A complete prevention of any A␤ elevation was
observed after application of the RET inhibitor RPI-1, the
phosphatidylinositol-3-kinase (PI3K) inhibitors wortmannin
or PIK-90, or the mammalian target of rapamycin (mTOR)
inhibitor rapamycin (Fig. 9A). Similar data were also obtained in a variation of the experiment, when G⫹ cells were
treated with the inhibitors. Block of PI3K or mTOR in such
cells, continuously exposed to GDNF, resulted in a strong
decrease of A␤—similar to or even stronger than after
deprivation of GDNF. U0126 did not signiﬁcantly lower A␤
generation in this setup (Supplementary Fig. 6). Incubation
of G⫺ cells with the same compounds in the absence of
GDNF did not signiﬁcantly affect A␤ generation (Supplementary Fig. 6). These data indicate that the inhibitors do
not affect the basal A␤ generation, and that their effect is
related only to the enhanced production in the presence of
RET ligands. Based on these ﬁndings, we hypothesized that
the primary RET downstream target, involved in the
GDNF-mediated A␤ increase, was the PI3K/AKT/mTOR
signaling cascade. In order to obtain biochemical evidence
for the activation of this pathway, the levels of AKT and
phosphorylated (P-) AKT were analyzed by Western blot.
P-AKT was signiﬁcantly decreased in G⫺ compared with
G⫹ cells (Fig. 9B and C). Moreover, GDNF supplementation resulted in a strong increase of AKT phosphorylation,
which was blocked by the treatment of the cells with wortmannin or PIK-90. Rapamycin, which blocks mTOR downstream of P-AKT, did not reduce GDNF-triggered AKT
phosphorylation (Fig. 9B and C). Altogether, these data
strongly suggest that GDNF-triggered RET-signaling augments A␤ secretion in older (d5– d10) LUHMES cultures
through the activation of the PI3K/AKT pathway, which
leads further downstream to the activation of the rapamycinsensitive mTOR complex 1.

4. Discussion
Based on the current study, we propose a dual regulation
model for APP processing in human LUHMES neurons.
The two main factors are (1) the differentiation status,
which plays a predominant role in young cells, and (2)
GDNF-stimulated RET signaling, which dominates at later
stages of fully postmitotic cells. We found that differentiation of LUHMES cells during the initial 5 days was linked
to an upregulation of AD-related genes and a maturation of

Fig. 9. “Rearranged during transfection” (RET)-triggered AKT phosphorylation and amyloid ␤ (A␤) generation. (A) LUHMES were grown in
medium without glial cell line-derived neurotrophic factor (GDNF) (G⫺)
for 8 days. Then, A␤ generation was measured from day (d)8¡d9 in cells
without GDNF or in cells supplemented with GDNF plus various pharmacological compounds: dimethyl sulfoxide (DMSO; solvent), protein kinase
C (PKC) inhibitor bisindolylmaleimide 1 (Bis1) (500 nM), Src kinase
inhibitor SU6656 (4 M), MEK1/2 inhibitor U0126 (500 nM), RET
inhibitor RPI-1 (50 M), phosphatidylinositol-3-kinase (PI3K) inhibitors
wortmannin (Wort.) (750 nM) or PIK-90 (750 nM), or mammalian target
of rapamycin (mTOR) inhibitor rapamycin (Rapa.) (750 nM). The inhibitors were added 1 hour before GDNF and were present throughout the
incubation. A␤1– 40 data are shown relative to the G⫺ control. Data are
mean ⫾ standard error of the mean (n ⫽ 4). * p ⬍ 0.05, ** p ⬍ 0.01. (B)
Lysates were prepared from d9 LUHMES cells and analyzed by Western
blot for the amounts of AKT and phosphorylated AKT (P-AKT). Cells had
been treated as in (A) with GDNF plus inhibitors. For reference, samples
from cells, grown for 9 days in G⫺ or G⫹ medium, were loaded. GAPDH
served as loading control. Two representative blots are displayed. (C)
Quantiﬁcation of P-AKT/AKT band intensity ratios from 3 experiments.
“N.S.” above the G⫹ bar refers to no statistically signiﬁcant difference in
comparison with G⫺ ⫹ 2 ng/mL GDNF and DMSO/Rapa.
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proteins. This was associated with increased secretase activities and resulted in rising A␤1– 40 levels. Our ﬁndings
parallel observations in other neuronal cell lines that release
A␤ preferentially in the differentiated, but not in the precursor state (Muresan and Muresan, 2006; Wertkin et al.,
1993). During the early differentiation phase of LUHMES,
RET was expressed at a constant level which was not affected by GDNF, and also A␤1– 40 generation was independent of GDNF-mediated signals. This is consistent with our
ﬁndings that G⫺ cells produced as much A␤ as G⫹ cells,
and that RET knockdown did not have any effect on A␤
levels in d5 cells. The later maturation and aging stage of
LUHMES was characterized by an increased release of A␤
and sAPP␤, although most AD-associated genes/proteins
remained at constant levels. This late increase in A␤ is in
accordance with the augmented A␤ production and the
associated higher ␤-secretase activity observed in aging
animals and humans (Fukumoto et al., 1996, 2004).
Before we further investigated the reasons for the A␤
rise in older cultures, we undertook a basic characterization
of LUHMES as a new model to study wild type human APP
processing. Pharmacological inhibition of ␤- or ␥-secretase
showed quantitative responses similar to the ones known for
other cell models (Volbracht et al., 2009). Moreover, the
alteration of amyloidogenic APP processing in LUHMES
due to indirect modulation of secretases by cholesterol depletion was in line with the data from other cell and animal
models (Fassbender et al., 2001; Guardia-Laguarta et al.,
2009; Simons et al., 1998). These results demonstrate that
the essential components for the proteolysis of APP and the
regulation thereof are expressed in LUHMES. Interestingly,
this machinery matured and relocalized during the initial
days of differentiation. From d0 – d2, the cells expressed the
immature forms of APP and BACE, which are known to
reside primarily in endoplasmic reticulum compartments.
After d4, higher amounts of the mature neuronal forms of
APP and BACE were detected, and this was associated with
increasing amounts of cleavage products. Such maturation
and interaction of APP and BACE are known to occur
during trafﬁcking through the Golgi to the cell surface and
in the endocytic pathway (Zhang et al., 2011). Thus, we
conclude that proteins in LUHMES undergo complete posttranslational modiﬁcation only after a certain progress of
cell differentiation, reﬂecting the transition from a precursor
to a typical neuronal phenotype. We also investigated
whether A␤1– 42 was generated in parallel to A␤1– 40, but we
found that concentrations of A␤1– 42 in both the cell culture
supernatants and the cell lysates were too low for detection
by ELISA or Western blot analysis. This is most likely
explained by the fact that cleavage of wild type APP by
nonmutant ␥-secretase generates preferentially A␤1– 40 and
only approximately 5%–10% A␤1– 42 relative to total secreted A␤ peptides (Selkoe, 2002).
As second AD-relevant cell feature, we examined tau
expression and modiﬁcation, because it has been proposed

that A␤ and tau pathologies are interactive (Roberson et al.,
2007; Zheng et al., 2002). We detected an increase in
phosphorylation of different tau isoforms during differentiation, in parallel to rising A␤ levels. Moreover, we observed
a change of expression pattern of tau isoforms, which resembled the one observed in developing brain and in differentiating primary neurons in vitro (Buée et al., 2000;
Deshpande et al., 2008). However, our results also showed
that the A␤ increase was not functionally linked to increasing tau phosphorylation or vice versa.
We used the new model of APP processing to study the
late increase of A␤ in aging LUHMES neurons. The major
ﬁnding of this study is the regulation exerted by the GDNFRET system. In fully differentiated LUHMES neurons, A␤
was induced by the presence of GDNF. This effect was
reversible upon withdrawal of the growth factor and was
also triggered by the related peptide NRTN. The 2 neurotrophic factors activate RET signaling (Buj-Bello et al.,
1997; Trupp et al., 1996), leading to an upregulation of RET
itself, likely via a positive feedback loop, as has been
previously shown in a neuroblastoma cell line (Peterson and
Bogenmann, 2004). We observed the same effect in
LUHMES cells, and additionally, we saw that the abrogation of this feedback, i.e., the withdrawal of GDNF, resulted
in an immediate downregulation of RET mRNA. Also NGF,
which is not a RET ligand, triggered an A␤ increase. This
may be based on a tyrosine kinase cross-signaling between
TrkA and RET, which is well established for NGF, but not
for related factors such as BDNF (Tsui-Pierchala et al.,
2002). Most likely, canonical TrkA signaling without RET
involvement is not responsible for the A␤ increase in
LUHMES, as such effects are not observed in other cells
expressing this receptor and releasing A␤. On the contrary,
rather a reverse correlation has been described for PC12 and
hippocampal cells (Matrone et al., 2008b, 2009). Finally,
we conﬁrmed the involvement of RET in the GDNF-stimulated A␤ increase both by knockdown and by the use of a
RET kinase inhibitor.
As downstream target of RET signaling, we identiﬁed
here the PI3K pathway, because the PI3K inhibitors efﬁciently blocked the GDNF-triggered A␤ increase by G⫺
cells, and also signiﬁcantly reduced the amount of A␤
released by G⫹ cells. However, identiﬁcation of the more
proximal regulators of APP processing will require further
investigation. It is remarkable that, besides RET, none of 88
AD-related genes showed differential expression in G⫺ and
G⫹ cells. This ﬁnding suggests that changes may only
occur on the level of proteins. For instance, ␥-secretaseactivating protein may be involved (He et al., 2010), and
posttranslational modiﬁcations of regulatory factors are
likely to contribute to this. In this context, casein kinases
and glycogen synthase kinase-3␣ (Flajolet et al., 2007; Phiel
et al., 2003) have been shown to affect the generation of A␤,
and both APP and BACE are phosphorylated in the course
of maturation (Oishi et al., 1997; Walter et al., 2001). Our
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observation of altered AKT phosphorylation is in agreement
with such direct regulation processes. However, we cannot
rule out that GDNF also had indirect effects by altering
degradation pathways of APP fragments. The mTOR pathway has been implicated in APP turnover (Spilman et al.,
2010; Tian et al., 2011), and because inhibition of mTOR by
rapamycin efﬁciently blocked the GDNF-stimulated A␤ increase in our experiments, our future investigations will
focus on the role of autophagy. Our suggestion of a role of
the PI3K pathway in the enhanced A␤ generation is well in
line with some recent work (e.g., Stöhr et al., 2011), but
others favor more the involvement of Src kinase (e.g.,
Minopoli et al., 2007). Possibly, the relative contribution of
different pathways depends on the experimental system. For
instance, the latter work used RET overexpression as a
model for altered signaling events. This may replicate a
situation of very high RET expression and availability of
high concentrations of RET ligands. In such a situation, we
would probably not ﬁnd increased A␤ in our model, either.
Furthermore, Minopoli et al. (2007) investigated mainly the
generation of the intracellular C-terminal stub of APP,
which we did not examine. This may well be dependent on
other kinases than PI3K. Thus, we believe that there is no
inconsistency between previous studies such as the one
mentioned and our ﬁndings. However, different situations
may require different biochemical explanations. This is
nicely demonstrated by our data showing the differences
between d5 cells (A␤ generation independent of PI3K, also
in the presence of GDNF) and d9 cells (A␤ generation
dependent on RET activation).
Our ﬁndings, that the stimulation of A␤ release from G⫺
cells reaches a maximum at 2 ng/mL GDNF or 20 ng/mL
NRTN, points at a negative feedback loop that predominates at high receptor occupancy. One of the underlying
mechanisms may be the removal of RET from the cell
surface. It is known that RET, either alone or in complex
with GFLs, can be internalized and degraded in proteasomes
after ligand-induced activation (Pierchala et al., 2006; Scott
et al., 2005). The realistic GDNF concentrations to be expected in brain are rather in the ascending part of the
bell-shaped curve of A␤ increase, also when increased concentrations under pathological conditions are considered.
Such increases are supported by a recent study that revealed
raised levels of GDNF in cerebrospinal ﬂuid of AD patients
(Straten et al., 2009).
One interesting ﬁnding in this context was that also
sAPP␣ generation was strongly dependent on the GDNF
concentration. While it clearly decreased at “optimal” (A␤increasing) concentrations, this decrease was absent at high
GDNF concentrations. Moreover, prolonged stimulation of
cells with GDNF (as in G⫹ cells) resulted in no signiﬁcant
sAPP␣ reduction in G⫹ cells compared with G⫺ cells.
Therefore, the sAPP␣ effect may be a rather temporary and
secondary response, although we cannot exclude that small
sAPP␣ alterations were simply not detectable (due to the

ELISA sensitivity), as was the case for sAPP␤ in the GDNF
stimulation experiments.
Although neurotrophic signaling is generally regarded as
positive for the brain, and several growth factors promote
the nonamyloidogenic processing of APP by ␣-secretase
(Adlerz et al., 2007; Matrone et al., 2008a; Rossner et al.,
1998), we revealed here a possibly detrimental side effect of
raised GDNF levels. Epidermal growth factor, NGF, and
platelet-derived growth factor have also been shown to
enhance amyloidogenic processing of APP (Gianni et al.,
2003; Zou et al., 2007). Moreover, NGF was reported to
strongly increase the neurotoxic potency of A␤ (Yankner et
al., 1990). Midbrain neurons, which express GDNF receptors, have been shown to generate A␤ (Cai et al., 2010) and
may contribute to disease pathogenesis (Muresan and Muresan, 2008). For instance, nigral neurodegeneration and A␤
plaques in the striatum are observed in AD patients (Uchihara et al., 1992; Villemagne et al., 2009). Our study provides some mechanistic rationale for these ﬁndings and
suggests further investigation. This might be particularly
relevant for cases of combined AD and Parkinson’s disease
pathologies (Kalaitzakis and Pearce, 2009; Kalaitzakis et
al., 2008) and when GDNF treatment is considered as a
therapeutic approach for Parkinson’s disease.
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