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Abstract
Background: Gangliosides were found to be associated with Alzheimer’s disease (AD). Here 
we addressed a potential function of γ-secretase (presenilin) dependent cleavage of the 
amyloid-precursor-protein (APP) in the regulation of ganglioside de novo synthesis. Methods: 
To identify a potential role of γ-secretase and APP in ganglioside de novo synthesis we used 
presenilin (PS) deficient and APP deficient cells and mouse brains, mutated PS as well as 
transgenic mice and AD post mortem brains. Changes in glucosylceramide synthase (GCS) 
activity were identified by incorporation of radiolabeled UDP-glucose in glucosylceramide, 
changes in gene expression via real-time PCR and Western blot analysis. Alterations in 
ganglioside levels were determined by thin layer chromatography and mass spectrometry. 
Results: We found that PS and APP deficiency, in vitro and in vivo, resulted in increased GCS 
gene expression, elevated enzyme activity and thus increased glucosylceramide and total 
ganglioside level. Using a specific γ-secretase inhibitor revealed that PS proteolytic activity 
alters ganglioside homeostasis. By the use of mutated PS causing early onset AD in cell culture 
and transgenic mice we found that GCS is increased in AD, further substantiated by the use 
of AD post mortem brains, suffering from sporadic AD. Conclusion: APP processing regulates 
ganglioside de novo synthesis and is affected in AD.
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Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder and the most 
common form of dementia currently affecting over 35 million people worldwide [1]. 
Pathological hallmarks of AD are extracellular amyloid plaques, intracellular neurofibrillary 
tangles and an excessive loss of synapses [2]. The senile plaques mainly consist of 40‑42 
amino acid (aa) long peptides termed β-amyloid (Aβ) [3]. Aβ peptides are generated by 
sequential proteolytic processing of the type-I transmembrane amyloid precursor protein 
(APP) by two proteases, termed β- and γ-secretase. Beside the generation of Aβ peptides, 
APP processing generates several further cleavage products, including soluble secreted APP 
fragments and the APP intracellular domain (AICD) [4], which is released into the cytosol 
and is discussed to be involved in gene transcription [5].

The γ-secretase, which catalyzes the release of Aβ peptides and AICD, is a heterotetrameric 
protein complex with the presenilins, either presenilin 1 (PS1) or presenilin 2 (PS2), as 
active subunits [6]. Most mutations leading to familial early-onset AD (FAD) are located in 
the genes encoding PS1 and PS2 [7]. The processing of APP by γ-secretase belongs to the 
mechanism of regulated intramembrane proteolysis (RIP) [8]. Characteristics of RIP are an 
initial cut outside the membrane followed by a second cleavage inside the membrane, which 
is performed by secretases that, unlike others, can function inside the hydrophobic lipid 
environment of cellular membranes. Therefore, cleavage of APP by γ‑secretase is discussed 
to depend on the lipid composition of cellular membranes. Several lipids, e.g. cholesterol, 
sphingomyelin, gangliosides, docosahexaenoic acid (DHA) and trans fatty acids, have been 
shown to alter γ-secretase cleavage of APP [9-14]. The link between lipid homeostasis and 
AD is further supported by lipid changes of e.g. cholesterol, sphingomyelin, ceramide and 
gangliosides in AD post mortem brains and transgenic mouse models [15].

Gangliosides are glycosylated sphingolipids containing sialic acids derived from 
an initial binding of glucose to ceramide generating glucosylceramide (GlcCer) by the 
glucosylceramide synthase (GCS). By addition of galactose, lactosylceramide (LacCer) is 
formed. Further, addition of sialic acids and N-acetylgalactosamine leads to gangliosides [16, 
17]. Gangliosides are highly enriched in neuronal and glial membranes and involved in the 
regulation of early development, differentiation and proliferation of these cells [18].

In human brain ganglioside composition and concentration differ between normal 
aging [19] and pathological aging in AD [20‑24]. While some gangliosides are considered to 
be protective, others like GM1, may increase the risk for AD as they promote amyloidogenic 
APP processing [11, 25]. In addition, it has been shown that GM1 binds Aβ and enhances 
Aβ-aggregation and generation of amyloid plaques [26]. Dysfunction of ganglioside 
homeostasis is found to be associated with inherited diseases that are characterized by 
accumulation of gangliosides and their precursors in endosomal‑lysosomal compartments 
[27]. Furthermore, it has been shown that accumulation of gangliosides decrease the 
lysosome-dependent degradation of APP C-terminal fragments [28] and lead to the 
intraneuronal accumulation of ganglioside-bound Aβ peptides [29]. 

As gangliosides were consistently found to be associated with AD [44], we investigated 
in the present study a potential function of PS‑dependent APP processing in the regulation 
of the ganglioside de novo synthesis.

Material and Methods

Chemicals and lipids 
All used chemicals/cell culture media and lipids were purchased from Sigma (Taufkirchen, Germany) 

and Avanti Polar Lipids (Avanti Polar Lipids, Alabaster, USA), respectively, if not stated otherwise.

Cell Culture 
PS1/2 deficient mouse embryonic fibroblasts (MEF PS1/2 -/-), MEF PS1/2 -/- retransfected with PS1 

wildtype (MEF PS1r or MEF PS1wt), MEF PS1/2 -/- retransfected with PS1 A285V (MEF PS1 A285V) or 
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retransfected with PS1 T354I (MEF PS1 T354I), APP/APLP2 deficient mouse embryonic fibroblasts (MEF 
APP/APLP2-/-), wildtype mouse embryonic fibroblasts (MEF wt) and COS7 cells stably transfected with 
APP695wt were cultivated in DMEM containing 10% FBS (PAN Biotech Aidenbach, Germany) as described 
previously [11]. For retransfected PS1/2 deficient MEFs, 300µg/ml Zeocin was added to the cell culture 
media; for retransfected COS7 cells, additional 400µg/ml Hygromycin B was used. The γ-secretase inhibitor 
X (Calbiochem, Darmstadt, Germany) was incubated in a final concentration of 2µM. To determine the 
effect of AICD (sequence in 1-letter code: KMQQNGYENPTYKFFEQMQN) (2µM) (Genscript Corporation, 
Piscatway, USA) synthetic peptides were incubated for 9 days in cell culture. Utilizing this method it has 
been previously shown that AICD is efficiently taken up and biologically active [30, 31].

Human and Murine Brain Material 
Human post mortem brains and correspondent control brain samples were obtained from Brain-net 

(Munich, Germany) and have been described earlier [32]. Murine APP -/- brain material was obtained from 
U. Müller (Heidelberg, Germany) [33], conditional PS1/2 -/- mouse brains from J. Shen (Boston, USA) [34], 
APPswe mouse brains from H. Tanila (Kuopio, Finnland) and PSmutKI brains from T. Bayer (Göttingen, 
Germany) [35].

Quantitative Real-Time PCR Experiments 
As described previously total RNA was extracted from cells using TRIzol reagent (Invitrogen, Karlsruhe, 

Germany) according to manufacturer‘s protocol [36]. 2µg of total RNA was reverse transcribed using High 
Capacity cDNA Reverse Transcription kit (Life Technologies, Darmstadt, Germany). Quantitative real-time 
PCR analysis was performed using Fast SYBR Green Master Mix on 7500 Fast Real Time PCR System (7500 
Fast System SDS Software 1.3.1; Applied Biosystems, Darmstadt, Germany). Changes in gene expression 
were calculated by 2-(∆∆CT) method [37], the results were normalized to β-actin. Calculated standard 
deviation of the mean was placed on both control and sample bar. The following primers were used: murine: 
Ugcg: 5’-GGC TCA TAG CCT TTG CTC AG-3’ and 5’-TTG CAT GGC AAC TTG AGT AGA-3’ ; β-actin: 5‘-CCT AGG 
CAC CAG GGT GTG AT‑3‘ and 5‘‑TCT CCA TGT CGT CCC AGT TG‑3‘; human: Ugcg: 5’-GGC TCA TAG CCT TTG 
CTC AG‑3’ and 5’‑TTG CAT GGC AAC TTG AGT AGA‑3’ ; β‑actin: 5‘‑CTT CCT GGG CAT GGA GTC‑3‘ and 5‘‑AGC 
ACT GTG TTG GCG TAC AG‑3‘.

Cell Lysis 
Cells were either lysed chemically or mechanically depending on further use. Chemically, cells were 

lysed in lysis buffer (0.1% NP-40, 0.1% Triton-X 100, 10mM Tris, 2mM EDTA) with protease inhibitor (Roche 
Diagnostics, Grenzach-Wyhlen, Germany) as previously described [38]. Mechanical lysis was performed by 
using a PotterS homogenizer (B. Braun, Melsungen, Germany).

Determination of protein concentration 
Determination of protein concentration was performed according to Smith et al. [39]. Samples were 

adjusted to equal protein amount prior to use for experiments.

Western Blot Analysis 
Samples were separated on 10-20% Tris-Tricine gels (Invitrogen, Karlsruhe, Germany) and transferred 

onto nitrocellulose membranes (Whatman, Dassel, Germany). For Western Blot analysis the primary 
antibody anti-GCS ab98030 was used (Abcam, Cambridge, UK). Proteins were detected by ECL-method 
(Perkin Elmer, Rodgau -Jügesheim, Germany) and densitometrically quantified by Image Gauge software.

Lipid Extraction 
A modified Bligh and Dyer [31, 40] method was utilized to extract GlcCer to measure GCS activity. After 

stopping the GCS activity by freezing in liquid nitrogen, 3.75ml CHCl3: MeOH: HCl (1: 2: 0.06; v/v/v) was 
added and vortexed for 1h at RT. Then 1.25ml CHCl3 was added and vortexed for 1h. After adding 1.25ml 
H2O and 1.25ml CHCl3 and short mixing, samples were centrifuged for 10min at 5000rpm. The CHCl3 phase 
containing GlcCer was isolated in another glass tube and evaporated under nitrogen flow. 1ml H2O and 
3.75ml CHCl3: MeOH: HCl (1: 2: 0.06; v/v/v) was added to the lipid film. The extraction cycle was repeated 
one time and the resulting CHCl3 phase was measured as described below.
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Determination of GCS Activity
After homogenisation of cells, GCS activity reaction was started with 1.5mg protein per sample in 

360µl washbuffer (10mM Tris/HCl pH7.4, 50mM NaCl) and 40µl starting buffer (860µM C6‑Ceramide in 
1mM BSA) containing 0.4µCi 3H-UDP-glucose and stopped after 120min [17]. After isolation of the lipid 
phase as described above, 3ml szintilation solution (Perkin Elmer, Rodgau-Jügesheim, Germany) was added, 
mixed and radioactivity was measured by a Tri-Carb 2800TR (Perkin Elmer, Rodgau-Jügesheim, Germany) 
[31, 41‑43]. The assay was validated using a specific GCS inhibitor, DL-PDMP (5µM). In presence of DL-
PDMP, GCS activity was reduced to 11.0% (± 7.4%, p≤0.001).

Ganglioside Isolation 
Isolation of gangliosides from MEFs was performed by using a modified Bligh and Dyer method. 

After desalting the lipids by a reversed-phase cartridge (Waters Oasis, Eschborn, Germany) according to 
Whitfield et al. [44] the concentrated ganglioside extract was applied to silica gel thin-layer chromatography 
(TLC) plates (Merck, Darmstadt, Germany) and separated by using CHCl3: MeOH: H2O-CaCl2 0.2% (60: 35: 
8; v/v) as solvent system [45]. Gangliosides were visualized by iodine and identified by their Rf-values and 
available standards. Densitometric quantification was performed using Image Gauge software. All detectable 
gangliosides were integrated to determine total ganglioside level.

To validate the use of iodine to stain gangliosides, a concentration range of GM1 (1 to 40 nM GM1) 
separated on TLC was either stained by iodine or by α-naphthol (Fig. 6 A and B). Gangliosides GM3, 
GM1, GD3, GD1a, GD1b and GT1b were identified by ganglioside standards loaded on each TLC and the 
corresponding Rf-values.

Mass Spectrometry qTOF 
For mass spectrometry lipids were measured using a qTOF Pulsar mass spectrometer (PE SCIEX, 

Weiterstadt, Germany) equipped with a nano-ESI source (MDS Protana, Odense, Denmark) in positive 
mode. Lipids were extracted from 250µg protein by Bligh and Dyer method. As external standard 1.8pmol 
1,2‑dimyristonyl‑sn‑glycero‑3‑phosphocholine‑1,1,2,2‑∆4 was added and produced a reference peak 
of m/z=682.5 in TOF positive spectra. Measurement was performed by using a 700V potential and 40eV 
declustering potential. TOF positive range was set to m/z=600-900 and stable spectra were recorded for 
2min. For precursor ion scans TOF range was set to m/z=170-270 and 60eV collision energy [10, 46]. Data 
were normalized to an internal standard (PC16:0 / 18:1) and shown as % of control. Absolute values depend 
on injection or flow rate and vary between each experiment making it necessary to normalize the values 
to a standard (Fig. 6 C). To make sure that the correct peak was quantified, we made a fragmentation of the 
GlcCer 24:1 peak (m/z=810) shown in Fig. 6 D.

Determination of γ-secretase activity 
Determination of γ-activity was performed as described before [11, 12, 14]. Briefly, cells were washed 

three times with ice-cold phosphate-buffered saline (PBS), scraped off in sucrose buffer (10mM Tris/HCl 
pH7.4 including 1mM EDTA and 200mM sucrose) and homogenized using a PotterS at maximum speed (25 
strokes). After protein adjustment to 1mg, the samples were centrifuged at 900rcf for 10min at 4°C and the 
obtained post-nuclear fractions were ultracentrifuged at 55000rpm for 75min at 4°C. Pelleted membranes 
were resuspended using cannulae with decreasing diameter in 300µl sucrose buffer. The volume was 
portioned in 96well plates (100µl, equates to 250µg protein) and γ-secretase substrate (Farmery 2003 JBC 
278: 24277-24284) (Calbiochem, Darmstadt, Germany) (10µM) was added. Fluorescence was measured 
for 3h under light exclusion using excitation at 355 ± 10nm and fluorescence detection at 440 ± 10nm or 
345 ± 5nm / 500 ± 2.5nm respectively. Assay specificity is >90% for γ‑secretase activity assay, and was 
validated using γ-secretase inhibitor L-658458 (Merck, Darmstadt, Germany). 

Statistical Analysis 
All quantified data presented here are based on an average of at least three independent experiments. 

Error bars represent standard deviation of the mean. Statistical significance was determined by two-tailed 
Student’s t-test; significance was set at *p≤0.05, **p≤0.01 and ***p≤0.001.
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Results

Presenilin increases ganglioside synthesis by affecting glucosylceramide synthase (GCS) 
As mentioned above, it has been shown that ganglioside homeostasis is altered during 

aging [19, 20] and in line with clinical and epidemiological observations, that link lipids with 
AD, gangliosides were found to be associated with AD [47].

To investigate a potential role of PS and γ-secretase in ganglioside metabolism, we analyzed 
PS1 and PS2 deficient mouse embryonic fibroblasts (MEF PS1/2 -/-) and PS1 retransfected 
control cells (MEF PS1r). As PS knock-out is perinatally lethal at embryonic day 9.5 [48] and 
the corresponding PS1/2 -/- MEFs were therefore generated from mouse fetus compared to 
wildtype mouse embryonic fibroblasts which were obtained from new born mice, we decided 
to retransfect MEF PS1/2-/- cells with PS to obtain clonal homogeneity. This is especially 
important for the analysis of gangliosides as gangliosides have been shown to be altered 
during early development [20, 49]. In absence of PS, total gangliosides were significantly 
increased (171.8%, ± 11.4%, p=0.005) (Fig. 1 A). As already shown in a previous study [11], 
deletion of PS1 and PS2 showed a strong increase for b-series gangliosides GD3, GD1b and 
GT1b whereas a-series gangliosides GM3, GM1 and GD1a were decreased (Fig. 1 B), resulting 

Fig. 1. PS proteolytic activity regulates ganglioside de novo synthesis. A) Total ganglioside level in MEF 
PS1/2 -/- and PS1 retransfected MEF PS1/2 -/- (MEF PS1rescue) cells were analyzed by thin layer 
chromatography. B) Representative thin layer chromatography and densitogram of MEF PS1/2 -/- versus 
PS1 retransfected MEF PS1/2 -/- cells. C) GlcCer level in MEF PS1/2 -/- and PS1rescue cells were analyzed by 
mass spectrometry. D) COS7 cells stably transfected with APP695 were incubated with γ-secretase inhibitor 
X (2µM) and GlcCer level were analyzed by mass spectrometry. E) GCS activity in MEF PS1/2 -/- cells and 
PS1rescue cells was determined by the incorporation of UDP-glucose in GlcCer. F) GCS gene expression 
and GCS protein level in MEF PS1/2 -/- and PS1rescue cells. Gene expression of GCS was analyzed by RT-
PCR and the protein level of GCS was determined by Western blot analysis using the antibody ab98030. A 
representative WB is shown. Asterisks show the statistical significance (*p≤0.05, **p≤0.01 and ***p≤0.001, 
n.s. = not significant). All quantified data represent an average of at least three independent experiments. 
Error bars represent standard deviation of the mean.
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in a strong increase in the ratio of b/a-series gangliosides (Table 4). More detailed analysis 
by mass spectrometry revealed that the alterations in total gangliosides were accompanied 
by a similar increase in the GlcCer level (197.5%, ± 9.65%, p=0.034) (Fig. 1 C). In order to 
investigate whether the observed changes in total ganglioside and GlcCer level are caused by 
the lack of the proteins PS1 and PS2 itself or are dependent on γ‑secretase proteolytic activity 
catalyzed by PS1 or PS2 as active site of the γ-secretase complex [42, 43], we incubated COS7 
cells stably expressing APP695wt with a specific γ-secretase inhibitor. In line with the results 
obtained by PS deficiency, incubation of COS7 cells with 2µM γ-secretase inhibitor X also 
resulted in an increased GlcCer level (165.0%, ± 13.3%, p=0.009) (Fig. 1 D), suggesting that 
the observed changes in GlcCer and total gangliosides are indeed due to the lack of proteolytic  
γ‑secretase activity.

An important step in ganglioside synthesis is catalyzed by the GCS leading to the turnover 
of ceramide to GlcCer [16]. Both, the increase in total gangliosides and especially in GlcCer 
suggest that the observed effect could be caused by increased GCS activity. Therefore we 
measured GCS activity in dependence on PS, by monitoring the incorporation of radioactive 
labeled UDP-glucose in GlcCer. As expected, GCS activity was increased in PS1/2 deficient 
cells (139.2%, ± 5.6%, p=0.009) (Fig. 1 E). In accordance with elevated GCS activity, gene 

Fig. 2. Analysis of ganglioside de novo synthesis in APP/APLP2 deficient mouse embryonic fibroblasts. 
A) GCS activity and GCS gene expression in APP/APLP2 ‑/‑ and APPwt cells. GCS activity and GCS gene 
expression were determined as described for Fig. 1. B) Total ganglioside level isolated from APP/APLP2 
-/- and APPwt cells determined by thin layer chromatography. C) Representative thin layer chromatography 
and densitogram of APP/APLP2 -/- versus APPwt cells. D) APP/APLP2 -/- cells were incubated with AICD 
peptides. GCS gene expression and GCS activity was determined as described for Fig. 1. (A, B, D) Illustration 
and statistical analysis as described for Fig. 1.
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expression analyzed by real time (RT)-PCR as well as the protein level of the GCS determined 
by western blot (WB) analysis were also increased in absence of PS (gene expression: 
162.3%, ± 21.8%, p=0.021, protein level: 256.3%, ± 9.6%, p≤0.001) (Fig. 1 F).

Elevated GCS activity in absence of γ-secretase is mediated by the γ-secretase substrate 
APP 
The strong increase in the GlcCer level, both in PS1/2 deficient cells and in cells treated 

with γ-secretase inhibitor, indicate that the proteolytic activity of PS is responsible for the 
observed increase in GCS activity. Beside APP, the γ‑secretase is known to cleave more than 
60 substrates, including e.g. the Notch-receptor, ErbB4, CD44, LRP1 and jagged [50]. Because 
of the strong link of gangliosides with AD we evaluated whether APP is the substrate of the 
γ-secretase, which mediates the alterations in GCS activity, resulting in the observed changes 
in GlcCer and total ganglioside level. Analysis of MEFs devoid of APP and the APP like protein 
2 (APLP2) (MEF APP/APLP2-/-) showed an increase of GCS activity to 207.5% (± 6.0%, 
p≤0.001) (Fig. 2 A). Comparable to the findings obtained in absence of PS, the elevation 
in GCS activity in APP/APLP2 deficient cells was accompanied by an increase in GCS gene 
expression to 144.8% (± 13.4%, p=0.005) (Fig. 2 A). Moreover, in line with the results in 
MEF PS1/2 -/-, total gangliosides and the ratio of b/a‑series gangliosides were increased in 
absence of the APP family (180.1%, ± 8.5%, p≤0.001) (Fig. 2 B and C and Table 4). 

On the other hand, we observed no significant changes on GCS gene expression in 
APP/APLP2 deficient cells treated with AICD peptides (Fig. 2 D). However, GCS activity was 
reduced to 86.9% when APP/APLP2-deficient cells were incubated with AICD peptides 
(86.9% ± 0.36%, p≤0.001) (Fig. 2 D), indicating that the APP cleavage product AICD is 
involved in GCS regulation.

GlcCer level are increased in mouse brains devoid of PS or APP
To investigate whether our results obtained in cell culture experiments, using MEFs 

or COS7 cells, can also be observed in vivo, we determined the GlcCer level of mouse brains 
lacking either APP or PS. Whereas APP knock-out mice are still viable [51, 52], PS1/2 knock-
out mice are lethal at e9.5 [48]. Therefore we used brains from conditional PS1 knock-out 
mice, crossed to PS2 knock-out mice (cPS1/2-/-) [34]. In these viable mice, PS1 remains 
expressed in some neurons and other cells [53] and brain Aβ levels in these mice are 
reduced to 20-50%, depending on age and Aβ species [54]. APP knock-out mouse brains 
showed a strong increase in the GlcCer level to 231.4% compared to wildtype (wt) animals 
(± 23.1%, p=0.007) and in line with the results obtained in cell culture experiments GCS 
gene expression was also significantly increased in mouse brains devoid of APP (202.0%, 

Fig. 3. Altered ganglioside homeostasis 
in APP or PS knock-out mouse brains. 
A) GlcCer level and GCS gene expression 
in APP-deficient mouse brains (only 
males). B) GlcCer level in conditional 
PS1/2 -/- mouse brains (only males). (A, 
B) GlcCer level were analyzed by mass 
spectrometry. Illustration and statistical 
analysis as described for Fig. 1.
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± 40.5%, p=0.045) (Fig. 3 A). Additionally, we observed an increase in the GlcCer level in 
conditional PS knock-out mice to 142.9% (± 4.5%, p=0.002) (Fig. 3 B).

PS mutations increase GCS activity and ganglioside level
As mentioned above several studies reported a change in the ganglioside pattern in 

human post mortem AD brains [22, 24, 55]. Beside the sporadic form of AD, more than 200 
mutations in PS1 or PS2 [56, 57] are known to cause familial Alzheimer’s disease (FAD), 
characterized by an earlier disease onset. Here, we investigated whether the PS1 mutations 
T354I and A285V affect ganglioside homeostasis. We selected these PS1 mutations because 
previous studies already revealed that PS1 T354I and A285V affect sphingolipid homeostasis 

Fig. 4. Ganglioside synthesis is altered in PS mutations causing familial early onset AD. A) γ‑secretase‑activity 
in MEF PS1rescue and MEF PS1-FAD cells (PS1 T354I, PS1 A285V). GCS gene expression, activity and total 
ganglioside level in MEF PS1/2 -/- cells retransfected with B) PS1-FAD-mutation T354I (FAD T354I) and 
D) A285V (FAD A285V). Representative thin layer chromatography and densitogram of PS1rescue versus 
C) FAD T354I and E) FAD A285V cells. (A, B, D) Determination of GCS gene expression, activity and total 
gangliosides as described for Fig. 1. Illustration and statistical analysis as described for Fig. 1.
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[10, 31]. Furthermore, both mutations show a reduced γ-secretase activity (Fig. 4 A) compared 
to PS1 wt.  Because our results, obtained with γ‑secretase inhibitor treated COS7 cells or 
with PS deficient cells, suggest that γ‑secretase activity regulates GCS and therefore GlcCer 
and total ganglioside level, we retransfected PS1/2 deficient cells with PS1 wt or PS1 FAD 
mutations. To exclude that potential changes in ganglioside homeostasis are caused by altered 

Fig. 5. GCS is affected in AD transgenic mice and human AD post mortem brains. A) GCS gene expression in 
brains of an APPswe (only males) and PSmutKI (only males) AD mouse model. B) Total ganglioside level in 
human post mortem AD brains of males. C) A representative thin layer chromatography and densitometric 
quantification of post mortem control and AD brains. D) GCS gene expression in temporal cortex, cerebellum 
and frontal cortex of human post mortem AD brains. E) Gender effect in GCS gene expression in human AD 
brain. (A, B, D, E) Analysis and statistical significance as described for Fig. 1.
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expression levels of PS1 wt or mutated PS, we used for these experiments retransfected cells 
having a similar expression level of PS1 wt and PS1 FAD mutations. Both PS1 FAD mutations, 
T354I and A285V, showed a significant increase in GCS expression, resulting in a significantly 
elevated GCS activity and total ganglioside level (T354I: GCS expression: 247.7% ± 49.9%, 
p=0.042; GCS activity: 223.3% ± 37.3%, p=0.03; total gangliosides: 152.7% ± 7.0%, p≤0.001) 
(Fig. 4 B and C) (A285V: GCS expression: 160.2% ± 13.8%, p=0.012; GCS activity: 247.3%, 
± 40.9%, p=0.023; total gangliosides: 229.0%, ± 10.8%, p≤0.001) (Fig. 4 D and E). As already 
obtained for PS-deficient and APP/APLP2-deficient cells, the ratio of b/a‑series gangliosides 
was increased (Table 4), possibly caused by the reduced γ-secretase activity observed for 
PS1 T354I and PS1 A285V. 

GCS is affected in vivo in transgenic mice and human AD post mortem brains
In vivo, similar results were obtained by analyzing transgenic AD mouse brains, where 

PS mutations have been knocked in (PSmutKI) [35]. GCS expression was increased to 138.8% 
(± 12.2%, p=0.019) (Fig. 5 A). Interestingly, these findings might not be restricted to PS FAD 

Table 1. List of all human post mortem brains used. AD 
= Alzheimer’s disease, F = female, M = male. Classifica‑
tion according to CERAD (Consortium to Establish A 
Registry for Alzheimer's Disease) and Braak&Braak. PM 
= post mortem delay

Table 2. Mean values (± standard 
deviation) and significance (p-
value) for age for controls and AD 
cases. No significant changes were 
observed

Table 3.Mean values (± standard devia‑
tion) and significance (p-value) for the 
post mortem (pm) delay for controls and 
AD cases. No significant changes were 
observed. Time of pm-delay is only 
known for 70% of all cases 

Table 4. ratio of b/a‑series gangliosides 
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mutations, as we found increased GCS gene expression in transgenic mice expressing the 
APP Swedish double mutation (182.5; ± 62.2%, p=0.233) (Fig. 5 A), increasing β-secretase 
cleavage of APP [58-60] and thus also causing FAD [61]. However, these results did not reach 
significance.

Beside the familial form of AD, we examined whether GCS might also be affected in the 
sporadic form of AD. Indeed, cortices of human post mortem AD brains showed a significantly 
increased level of total gangliosides (147.2%, ± 12.3%, p=0.033) (Fig. 5 B and C). A more 
detailed analysis of 30 human post mortem AD brains compared to 14 age- and gender-
matched human control brains (see Table 1) revealed that in two out of three brain regions 
GCS was increased (Fig. 5 D). Cerebellum and frontal cortex showed a significant increase 
in GCS expression (frontal cortex: 134.3%, ± 16.9%, p=0.045, cerebellum: 151.1%, ± 23.0%, 
p=0.028) (Fig. 5 D) whereas in temporal cortex GCS expression was not significantly altered 
(temporal cortex: 82.6%, ± 11.4%, p=0.129). We observed no sex-specific alterations in 
the GCS gene expression of temporal cortex and cerebellum whereas for frontal cortex 

Fig. 6. Control experiments of 
GlcCer and ganglioside detec‑
tion. A) Range of linear detection 
of GM1 measured by thin layer 
chromatography utilizing iodine. 
B) Linear range of ganglioside 
detection by iodine, mass spec‑
trometry and α-naphthol (iodine: 
R2=0.99; mass spectrometry: 
R2=0.98; α-naphthol: R2=0.97). 
C) Exemplary mass spectrometry 
profile of GlcCer 24:1 compared 
to standard. D) Fragmentation of 
GlcCer 24:1.
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we obtained sex-specific changes (Fig. 5 E). The observed significant increase in GCS gene 
expression of frontal cortex (males and females) (Fig. 5 D) is exclusively attributed to an 
elevated GCS gene transcription in males (Fig. 5 E). Control and AD brains used in this study 
showed no significant changes for age (Table 2) and pm-delay (Table 3).

Discussion

PS as an essential component of the γ‑secretase complex affects ganglioside homeostasis 
by regulating GCS activity. In absence of PS or by γ-secretase inhibition, GCS activity is 
increased, resulting in elevated GlcCer and total ganglioside level. The change in GCS activity 
is accompanied by alterations in the expression level and protein level of GCS, suggesting 
that PS regulates GCS activity by affecting GCS expression. Comparable results were obtained 
in dependence of the APP family, indicating that the cleavage of APP by γ‑secretase regulates 
GCS activity and that proteolytic cleavage products of APP are involved in the regulation 
of GCS. In line with these findings, it has been recently reported that differentiated PC12 
cells, treated with the γ-secretase inhibitor DAPT, show an increase in ganglioside level in 
neuritic terminals [62], further strengthening that PS proteolytic activity alters ganglioside 
homeostasis. Additionally, we and others recently found that cleavage products of APP 
are involved in the regulation of several proteins and that this regulation is disturbed in 
absence of PS, in mutated PS or in AD [11, 30-32, 63-65]. Main focus was attended to the APP 
intracellular domain (AICD), which is released to the cytosol and discussed to be involved 
in gene transcription. Interestingly, multiple genes whose gene transcription is regulated 
by AICD belong to the sphingolipid pathway. AICD was found to decrease gene expression 
of the catalytic subunit of serine-palmitoyl-CoA transferase (SPT) [31] and to down 
regulate the expression of GD3‑synthase (GD3S), the key enzyme converting a‑ to b‑series 
gangliosides [11]. Furthermore, AICD was reported to increase the expression level of the 
alkyl‑dihydroxyacetone phosphate‑synthase (AGPS), a rate limiting enzyme in plasmalogen 
synthesis [32], representing major brain lipids which are discussed to be altered in AD [66, 
67]. AICD was also found to suppress the transcription of lipoprotein receptor LRP1 [68]. 
Beside AICD regulated gene transcription of lipid-related genes, AICD is discussed to be 
involved in the transcriptional regulation of several other proteins, e.g. neprilysin, an Aβ 
degrading enzyme [69], and the mitochondrial master transcriptional coactivator PGC-1α, 
affecting mitochondrial energy metabolism [30]. As we found in the present study increased 
gene transcription of GCS in absence of PS or the APP family, one might speculate that AICD 
down regulates GCS gene expression. However, GCS gene expression was unaffected in 
APP/APLP2 deficient MEFs incubated with AICD peptides indicating that the γ‑secretase 
dependent APP cleavage product AICD does not directly affect GCS gene expression. On the 
other hand GCS activity was decreased in AICD treated APP/APLP2 deficient cells supporting 
our hypothesis that AICD is involved in GCS regulation. One might speculate that AICD has a 
direct effect on GCS enzyme activity or alternatively, AICD regulates the gene transcription of 
additional proteins involved in regulating GCS expression. Potential AICD regulated proteins 
could be the transcription factor SP1 which is important for regulating GCS expression [70, 
71] or further transcription factors as bindings sites for AhR, NF-kB, AP-2 and GATA-1 are 
also present in the GCS gene promoter [70, 72]. However, it has to be pointed out that, from 
the present data, we can not exclude that APP itself or additional γ-secretase substrates 
might be also involved in the regulation of GCS and further studies have to identify the exact 
role of AICD in the regulation of GCS. Furthermore, beside the involvement of APP cleavage 
products in GCS gene expression, additional mechanisms influencing GCS activity might 
exist. We recently found, that Aβ peptides also contribute to alterations in lipid homeostasis, 
by altering enzyme activity of GD3S, neutral sphingomyelinase and HMGCR [10, 11, 73]. 
In this context it should be mentioned that the observed increase in the ratio of b/a‑series 
gangliosides in absence of PS1/2, APP/APLP2 or in PS1 FAD mutations is most likely caused 
by our previous findings showing that proteolytic products of APP diminish the turnover 

http://dx.doi.org/10.1159%2F000362987


Cell Physiol Biochem 2014;34:92-110
DOI: 10.1159/000362987
Published online: June 16, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 104

Grimm et al.: Glucosylceramide Synthase and Alzheimer’s Disease

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

of a‑ to b-series gangliosides, Aβ peptides by decreasing GD3S enzyme activity, AICD by 
decreasing GD3S gene expression [11]. 

The essential role of APP in brain GCS regulation was further confirmed in vivo. Both 
APP-/- and cPS1/2-/- mice revealed an increase in GlcCer level. Utilizing APP-/- mice, which 
still express the other APP family members, suggests that the absence of APP alone is able 
to generate an effect on ganglioside synthesis. Nevertheless, we cannot exclude that other 
γ‑secretase substrates might also influence ganglioside homeostasis. The effect strength in 
cPS1/2-/- mice was slightly less compared to APP deficient mouse brains. As PS1/2 knock-
out mice are lethal at e9.5 [48], conditional PS1 knock-out mice were used. These mice are 
completely deficient in PS2, but only the pyramidal neurons additionally lack PS1 [34]. 
Therefore, the remaining PS1 expression in some neurons, and thus γ‑secretase activity, 
might be responsible for the less pronounced effect compared to APP deficient mice.

Summing it up, our results show that APP processing alters ganglioside de novo synthesis 
by inhibition of GCS. Notably, as mentioned above, it has been previously shown that also 
sphingolipid synthesis is affected by APP processing. Again, in line with the affected GCS 
activity, the committed step reaction of the sphingolipid synthesis, the SPT, was shown to be 
reduced by APP processing. The SPT catalyzes the condensation of serine and palmitoyl-CoA  
to generate 3‑dehydroxysphinganine, which is further transformed to dihydroceramide. 
Desaturation of 3-dehydroxysphinganine leads to the generation of ceramide, which can be 
converted to sphingomyelin, sphingosine or various glycosphingolipids. The generation of 
glycosphingolipids starts with the initial binding of glucose to ceramide generating GlcCer 
by the GCS. As ceramide is the substrate for the GCS and ceramide levels strongly depend 
on the SPT activity, which was shown to be reduced in presence of AICD [31], the observed 
reduction in ganglioside de novo synthesis might be a combined effect of reduced SPT- and 
reduced GCS‑activity. A recent study also suggests that this regulation is affected in AD [74]. 
Beside the enzymes SPT and GCS, GD3S has been shown to be regulated by Aβ and AICD 
peptides, indicating that different enzymes of ganglioside synthesis are involved in the APP 
dependent regulation of ganglioside homeostasis, finally resulting in altered ganglioside 
homeostasis in APP or PS deficient cells. Furthermore, one has to take into consideration 
that changes in the GCS‑ and SPT‑activity not only result in altered ganglioside homeostasis, 
but also affect ceramide and sphingomyelin levels. If GCS is increased in absence of APP 
or PS, the ceramide level should be decreased and as a consequence, the sphingomyelin 
level should be also decreased. However, in a previous study we observed increased levels 
of sphingomyelin in PS- or APP-deficient cells, which are caused by the lack of Aβ peptides 
and have been shown to increase SMase activity. One might speculate that the potential 
decrease in ceramide and sphingomyelin levels caused by increased GCS activity in APP- 
or PS-deficient cells, might be compensated by a reduced nSMase activity in absence of 
Aβ peptides. However, an increase in GCS activity and a decrease in nSMase activity would 
further drop the ceramide level. However, as we did not determine the ceramide levels in 
the present study to evaluate a potential influence on ceramides, further studies have to 
be performed. Beside the involvement of different enzymes in sphingolipid homeostasis, 
one has to consider that the amount of downstream compounds not only depend on GCS 
activity but also on other factors including the translocation of GlcCer from the cytosolic to 
the luminal site of the Golgi stacks. Furthermore, ganglioside synthesis strongly depends on 
the vesicular membrane flow through the Golgi apparatus [75]. 

Several lines of evidence suggest that ganglioside homeostasis is affected in AD, e.g. it has 
been reported that GlcCer or GM3 were elevated in post mortem brains of AD patients supporting 
that ganglioside biosynthesis is affected during disease progression [22]. Results obtained by 
analyzing sporadic AD and FAD mutations in cell culture, transgenic mouse models or human 
post mortem brains suggest that the function of APP processing in regulating ganglioside 
homeostasis by GCS activity is disturbed in AD. Analyzing two different FAD mutations 
revealed that total gangliosides are increased, accompanied by an elevated GCS activity 
and expression. Some PS mutations increase the Aβ42 level, but in parallel show decreased  
γ‑secretase activity [76, 77] as we also found for the PS1 FAD mutations used in this study. In 
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line with the inhibition of γ-secretase activity by utilizing a specific γ-secretase inhibitor, the 
PS mutation resulted in increased GCS activity suggesting that the reduced γ‑secretase activity 
in PS-FAD might contribute to the observed effect. The effect found in MEFs expressing the 
PS-FAD mutations could also be found in vivo, in mouse brains expressing a PS mutation. 
Beside the effect of PS FAD mutations on GCS expression observed here, for two other PS FAD 
mutations (PS1 I143T and PS1 G384A) decreased GCS protein stability has been reported 
[78], further strengthening that ganglioside metabolism is dysregulated in AD.

Interestingly, mouse brains expressing the APPswe mutation showed a trend of 
increased GCS expression and analysis of three brain regions of 30 AD post mortem brains, 
suffering from sporadic AD, and 14 control brains revealed increased GCS expression. These 
findings suggest that besides the γ‑secretase activity, which is known to be affected in PS FAD 
mutations, an additional mechanism, being affected in AD, has to exist. One might speculate 
that the proto-oncogene cFos could contribute to the observed upregulated GCS activity. 
It has been reported that cFos is elevated in AD [79] and is able to increase GCS activity 
[80], which might explain the observed findings. Nevertheless, it has to be mentioned that 
analyzing post mortem brains has clear limitations; a number of clinical, lifestyle, and post 
mortem variables may contribute to the observed findings. Despite these limitations, the 
present study employed a well-characterized set of brain tissues (see Table 1), where no 
statistically significant changes between the post mortem delay, the gender or the age of the 
AD and control group were observed. Additionally, no significant difference between mRNA 
level of actin of the AD and control group could be found, suggesting that the results obtained 
by RT-PCR were not or equally influenced by post mortem induced RNA degradation. 
Besides our findings that GCS is affected in AD, it has to be pointed out that additional key 
enzymes in ganglioside metabolism, e.g. sialyl transferase I and II (ST-I, ST-II) and β-1,4- 
N-acetylgalactosaminyltransferase 1 (GalNacT), are also linked to neurodegeneration [81-
83], explaining that especially ganglioside GM1 and GM2 are elevated in lipid raft fractions 
of tissues obtained from temporal or frontal cortex of AD patients [24]. Additionally, the 
ratio of the a‑ and b‑series gangliosides is reported to be changed by APP processing by an 
alteration in GD3S activity [11]. Moreover, it has to be taken into consideration that changes 
in ganglioside metabolism seem to be specific for different brain regions. An increase in GCS 
expression was found in frontal cortex and cerebellum, whereas temporal cortex showed no 
significant change in GCS expression. Notably, the increase in GCS gene expression observed 
for frontal cortex was attributed to an elevated GCS gene expression only in males whereas 
elevated GCS gene expression in cerebellum was caused by males and females. In this context 
it should be mentioned that we observed no changes in GCS gene expression in the temporal 
cortex of human AD brains, the brain region where AD pathology is most pronounced [84, 
85]. Instead we found elevated GCS gene expression in the cerebellum, a brain region that is 
not affected by AD [86]. As the ganglioside pattern differs for individual brain regions [19, 
20, 87] our results suggest a brain region dependent regulation of ganglioside metabolism 
by APP processing. But obviously, GCS expression does not correlate with the plaque load of 
late AD as we found no changes for temporal cortex. In addition to a brain region dependent 
regulation of the ganglioside metabolism it has to be considered that aging itself affects 
ganglioside homeostasis [19, 20], which also influences the analysis of gangliosides in human 
post mortem tissues. This might also explain the results found by another study where GCS 
expression was reported to be decreased in frontal cortex of AD post mortem brains [88].

Our results show that APP processing affects GCS and that this regulation is affected in AD, 
resulting in altered ganglioside homeostasis. However, as discussed, changes in ganglioside 
levels not only depend on GCS activity. Additional enzymes such as SPT and GD3S are also 
involved in the regulation of sphingolipid and glycosphingolipid synthesis. In return it has 
been shown that gangliosides influence the release of Aβ peptides. GM1 and GD3 incubation 
result in increased Aβ production [11, 25], whereas GM3 decreases Aβ production [11, 89]. 
Furthermore, inhibition of GCS with DL-PDMP reduced Aβ production by an intracellular 
accumulation of APP [90], suggesting that reducing ganglioside synthesis might have an 
anti-amyloidogenic potential and be beneficial in AD. However, as for example GM1, GD3 
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and GM3 have different effects on Aβ generation [11, 25, 89], further studies are necessary 
to clarify the effect of additional gangliosides, especially the major brain gangliosides, on Aβ 
generation to identify the most promising step of inhibition in ganglioside de novo synthesis 
as therapeutic target for AD.
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