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Abstract: Alzheimer’s disease is a degenerative disease
of the central nervous system, which leads to severe defi-
cits in memory and orientation by a progressive loss of
neurons and synapses. Soluble B-amyloid oligomers are
highly neurotoxic precursors of B-amyloid fibrils that ac-
cumulate in Alzheimer’s disease. Binding of B-amyloid
oligomers to synaptic insulin receptors leads to neuronal
insulin resistance, which significantly contributes to cog-
nitive impairments.

Insulin receptors are located in the cell membrane, which
consists of a lipid bilayer and contains high amounts of
glycosylated lipids, the so-called gangliosides. Ganglio-
sides regulate insulin receptor activity via dynamic molec-
ular interactions and facilitate the f-amyloid oligomer-in-
duced insulin resistance. Thus, inhibiting ganglioside
biosynthesis can protect neurons from the detrimental
effects of B-amyloid oligomers.

Keywords: Alzheimer’s disease, insulin resistance, gangli-
osides, neurodegeneration, caveolin-1

Alzheimer’s disease

Alzheimer’s disease, which was initially described by
Alois Alzheimer in 1906, is characterized by two patho-
logical changes in the brain; senile plaques, consisting of
B-amyloid (AB) peptides, are found outside the neurons
and neurofibrillary tangles, consisting of hyperphos-
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phorytaled tau protein, are found inside the neurons (Alz-
heimer, 1907).

Amyloid plaques are built up by large amounts of ac-
cumulated and aggregated Af. AP is generated from the
amyloid precursor protein (APP). APP is an integral mem-
brane protein that is ubiquitously expressed throughout
the body (Slunt et al., 1994). The sequential cleavage of
APP by membrane-bound f- and y-secretases (presenilins
1/2) gives rise to AP fragments. These fragments display
variable sizes, ranging from 35 to 42 amino acids. Under
physiological conditions, only very low amounts of AB
are produced and they are rapidly cleared. In the case of
Alzheimer’s disease, Ap production is no longer appropri-
ately regulated and leads to an accumulation of specifi-
cally AB,, and AB,, in the brain. AB,, and Ap,, are prone
to form aggregating AP fibrils, which are subsequently
deposited in the form of Ap plaques in the extracellular
space (Simons et al., 1996). Therapeutic efforts aiming at
diminishing the plaque load were not able to ameliorate
the symptoms of Alzheimer’s disease (Head et al., 2008).
In this respect, several studies demonstrated that there
is no direct correlation between the occurrence of AB
plaques and the severity of disease symptoms (Bennett,
2006; Katzman et al., 1988). However, researchers have
been able to explain these seemingly paradoxical find-
ings. Current results indicate that small soluble oligomeric
AP aggregates are highly neurotoxic and may therefore be
causative for the onset of Alzheimer’s disease symptoms.
Oligomeric AP aggregates are precursors of Ap fibrils and
comprise soluble aggregates of variable sizes, termed am-
yloid-B-derived diffusible ligands (ADDLs) (Lambert et al.,
1998). ADDLs bind to synapses, where they interfere with
the transmission of information, ultimately leading to syn-
aptic dysfunction and neurodegeneration.

What causes the majority of the Alzheimer’s disease
cases is not known. These are therefore termed “sporadic
Alzheimer’s disease”. The risk of developing sporadic Alz-
heimer’s disease increases with age. Moreover, environ-
mental factors, an unhealthy lifestyle and certain pre-ex-
isting conditions, such as type 2 diabetes, are considered
potential risk factors for sporadic Alzheimer’s disease. In
a minority of cases (less than 1%), however, inheritable
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Fig. 1: Insulin receptor signal transduction. Binding of insulin to the IR induces auto-phosphorylation at various tyrosine residues. Subse-
quently, adapter molecules (insulin receptor substrate-1 (IRS-1) and IRS-2) are activated by binding to the autophosphorylated IR. Two
different signaling cascades can be elicited depending on the adapter molecules: a) AKT pathway: The regulatory sub-unit of PI-3-kinase
(p85) is activated by interacting with IRS-1and catalyzes the formation of phosphatidyl-inositol-3,4,5-triphosphate (PIP3). Subsequently,
PIP3 activates the kinase PKD, which in turn phosphorylates and activates AKT (protein kinase B). This pathway regulates processes such as
glucose uptake as well as protein and lipid biosynthesis. b) MAP-kinase ERK1/2 pathway: In this case, the adapter proteins Grb-2 and mS0OS
are recruited by IRS-1 and IRS-2. This complex activates the GTPase Ras and, subsequently, further kinases (Raf-1, MEK 1/2). Finally,
MAP-kinase ERK1/2 is activated. This signaling pathway regulates cell growth, cell differentiation, and cell viability. (Fig. 1 modified from

Herzer et al., 2016).

genetic mutations are known to elicit an aggressive and
early-onset disease variant, termed familial Alzheimer’s
disease (FAD). FAD is caused by various mutations in the
genes encoding either APP or presenilin 1/2. Alzheimer’s
disease mouse models have been generated with the help
of these FAD mutations. So-called 5xFAD mice harbor
three different mutations in the APP gene and two muta-
tions in the presenilin-1 gene. These mice display a rap-
id onset of B-amyloid plaque accumulation at the age of
8 weeks as well as cognitive impairments at the age of 9
months (Oakley et al., 2006).

The neuronal insulin receptor

The peptide hormone insulin plays an important role in
blood glucose regulation. It is secreted by the pancreas
and distributed by the blood stream throughout the body.
Insulin binds to insulin receptors (IR) located in plasma
cell membranes. Insulin binding induces IR auto-phos-

phorylation and a change in conformation. In its active
form, the IR is able to recruit and bind intracellular adapt-
er molecules that activate further intracellular signaling
cascades (Fig. 1). These signals induce the translocation of
glucose transporters (GLUT4) into the cell membrane and
thus enable the cell to utilize glucose for energy genera-
tion. Liver and muscle cells as well as adipocytes express
high amounts of IR.

It has been known for a long time that IR are also ex-
pressed in various areas of the brain. Among the regions
displaying the highest IR expression are the hypothala-
mus, the hippocampus, the frontal cortex, and the olfac-
tory bulbs (Marks and Eastman, 1990). The bigger part of
the IR is expressed at synaptic terminals (Schwartz et al.,
1992). The neuronal IR has a lower molecular weight than
the peripheral IR. Moreover, in contrast to the peripheral
IR, increasing concentrations of insulin do not decrease
neuronal IR levels on the cell surface (Heidenreich et al.,
1983). One of the initial physiological functions that was
described for the neuronal IR was the regulation of energy
homeostasis and body weight. In order to accomplish this,



DE GRUYTER

peripheral insulin binds to IR present in specific hypotha-
lamic neuronal populations and, in conjunction with the
adipokine leptin, adjusts the neuronal activity as well as
the neuronal firing rate. This in turn directly influences
the feeding behavior and the energy expenditure of the
body.

In addition to the regulation of body energy homeo-
stasis, the IR also exerts neurotrophic functions. Several
studies have demonstrated that IR signaling stimulates
neuronal survival as well as axonal growth and synapse
formation (Chiu and Cline, 2010; Wozniak et al., 1993).
Specifically, they have shown an IR signal-dependent
stimulation of cognitive processes and memory formation
in the hippocampus and the prefrontal cortex. These brain
regions express large amounts of IR and display high syn-
aptic plasticity. Experiments in rats showed that an inac-
tivation of the neuronal IR by intracerebroventricular in-
jection of streptozotocin leads to impairments in learning
and memory formation (Zhao and Alkon, 2001). In line
with this, synaptogenesis in the hippocampus was also
reduced (Biessels et al., 1996; Lannert and Hoyer, 1998).
Conversely, cognitive training increased IR expression in
the hippocampus of rats.

As shown in Fig. 1, IR stimulation activates both the
MAP-kinase/ERK1,2 and the AKT pathways. Research find-
ings indicate that particularly the MAP-kinase/ERK1,2-de-
pendent signaling stimulates synaptic function and neu-
ronal wiring, independent of glucose regulation. These
results have put the neuronal IR into the focus of research-
ers who intend to counteract the cognitive decline that ac-
companies neurodegenerative diseases.

Alzheimer’s disease, neuroin-
flammation, and neuronal insulin
resistance

In recent years, several hypotheses about the etiology and
progression of sporadic Alzheimer’s disease have been
put forward. This review will mainly cover the connec-
tions between neuronal insulin resistance and Alzhei-
mer’s disease.

Obesity and type 2 diabetes are suspected to increase
the risk of developing Alzheimer’s disease (Walker and
Harrison, 2015). In 2012, researchers showed that obesi-
ty and high fat diet elicit neuroinflammation (Thaler et
al., 2012). Characteristic hallmarks of neuroinflammation
are morphological changes of glial cells (astrogliosis and
microgliosis) as well as increases in pro-inflammatory
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cytokines (e.g. TNF-a and IL-1B). In 2013, the “inflamma-
tion hypothesis of Alzheimer’s disease” was put forward,
suggesting that neuroinflammatory processes in the brain
facilitate pathophysiological changes typical of Alzhei-
mer’s disease (Krstic and Knuesel, 2013). For example,
neuroinflammation disturbs the physiological microglial
function to an extent that these cells are no longer able
to appropriately clear cellular debris, including misfolded
or inadequately degraded proteins. This leads to synaptic
destabilization. Moreover, neuroinflammation triggers the
generation of neurotoxic ADDLs in the brain. ADDL bind-
ing to synaptic transmembrane receptors interferes with
their physiological activity. Additionally, ADDLs promote
IR loss from the neuronal cell surface (De Felice et al.,
2009). Besides disturbing the cell’s glucose homeostasis,
a loss of insulin signaling also reduces synaptic function
and promotes the degeneration of affected neurons.

In fact, lower insulin-dependent signaling and re-
duced IR levels were found in brains of Alzheimer’s dis-
ease patients (Steen et al., 2005). A therapeutic approach
to counterbalance the loss of IR signaling by intranasal
application of insulin indeed improved the short-term
memory (Reger et al., 2006). However, it was not possible
to maintain these improvements for a longer period, per-
haps due to a decreased insulin sensitivity in the affected
neurons.

Besides more general processes such as APP cleavage
(Clement et al., 2010), the lipid composition of the neuro-
nal membrane affects IR activity and sensitivity (Herzer et
al., 2015; Kabayama et al., 2007). Thus, we have developed
a novel research approach by showing that an altered
membrane lipid composition and a concomitant increase
of neuronal insulin sensitivity can protect neurons in var-
ious models of Alzheimer’s disease.

Membrane lipids modulate neuronal
receptors

A major part of the cellular signal transduction originates
at transmembrane receptors embedded in the plasma
cell membrane. Pathological changes in transmembrane
proteins, such as irreversible protein modifications due
to increased oxidative stress, contribute to cell death in
neurodegenerative diseases (Hajieva et al., 2015). Besides
well-known lipids like phospholipids and cholesterol, the
membrane also contains so-called glycosphingolipids. In
addition to their hydrophobic membrane anchor, glyco-
sphingolipids contain a hydrophilic head group consist-
ing of variable carbohydrate residues.
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Fig. 2: Scheme of the neuronal membrane. The cell membrane is composed of a lipid bilayer. Phospholipids and cholesterol are the main
components. Specific glycosylated lipids, the so-called gangliosides, are located in the outer leaflet of the cell membrane. They take part in
the formation of so-called lipid micro-domains, which are characterized by a high content of gangliosides and cholesterol. Important
cellular processes, such as transmembrane receptor signal transduction, are mainly taking place in lipid micro-domains.

Gangliosides, a sub-class of glycosphingolipids, are
highly expressed in the central nervous system and locat-
ed in the outer leaflet of the plasma cell membrane (Fig. 2
and Excursion 1). Gangliosides play an important role in
postnatal brain development (Jennemann et al., 2005)
and modulate the activity of transmembrane receptors in
adult neurons (Nordstrom et al., 2013).

The cell membrane contains so-called lipid micro-do-
mains (Fig.2), which are characterized by high amounts
of sphingolipids and cholesterol, but also by specific
proteins, such as caveolin-1 and transmembrane recep-
tors. Within these dynamic nano structures, important
membrane processes, such as signal transduction, endo-,
and exocytosis take place (Inokuchi, 2010). Gangliosides
contribute to the formation of these membrane micro-do-
mains (Fig. 2). We could show that gangliosides modulate
the activity and sensitivity of transmembrane receptors
by dynamic molecular interactions. In the following sec-
tions, we describe how alterations in neuronal ganglioside
biosynthesis influences both neuronal insulin sensitivity

and disease progression in a mouse model of Alzheimer’s
disease.

Inhibition of ganglioside biosynthe-
sis increases the insulin sensitivity
of hippocampal neurons

Already a decade ago, it was observed that ganglioside
GM3 acts as a natural inhibitor of IR in white adipocytes
(Kabayama et al., 2007). In line with these findings, an
inhibition of ganglioside biosynthesis successfully coun-
teracted liver steatosis and high blood glucose levels in
obese mice (Zhao et al., 2009). Contrary to liver and fat
cells, neurons mainly synthesize complex gangliosides.
Since individual ganglioside species are not redundant
and able to regulate receptors differentially, we initially
needed to investigate if ganglioside depletion was able



DE GRUYTER

to increase the insulin sensitivity of neurons and thereby
protect them from the detrimental effects of ADDLs.

For our experiments on cultivated hippocampal neu-
rons, we inhibited the key enzyme in ganglioside biosyn-
thesis, the glucosylceramide synthase (GCS), with the help
of a pharmacologic inhibitor GENZ-123346 (GENZ) (Rich-
ards et al., 2012) (Fig. 3a). We indeed observed an increased
insulin-dependent signal transduction in GENZ-treated
neurons (Herzer et al., 2016). Since the ERK1/2 signaling
pathway stimulates neuronal survival and cognitive func-
tion, the specific elevation in ERK1/2-dependent signaling
in GENZ-treated cells is noteworthy in regard to Alzhei-
mer’s disease. Interestingly, the GENZ treatment does not
only elevate IR signal transduction, but also the amount of
IR in treated neurons (Herzer et al., 2016). Consequently,
we have investigated if the inhibition of ganglioside bio-
synthesis and the concomitant increased insulin sensitiv-
ity can indeed protect neurons in models of Alzheimer’s
disease.

Inhibition of ganglioside biosyn-
thesis protects neurons against the
detrimental effects of ADDLs

Neuronal insulin resistance is one of the highly complex
pathological features of Alzheimer’s disease, leading to
impaired synaptic function and neurodegeneration. Neu-
rotoxic ADDLs, which are generated during Alzheimer’s
disease, induce the loss of dendritic IR and thereby con-
tribute to insulin resistance (De Felice et al., 2009). Thus,
an important aim was to find out if the inhibition of gan-
glioside biosynthesis by GENZ could protect hippocampal
neurons from ADDL stress. We indeed observe the follow-
ing neuroprotective effects when treating these neurons
with GENZ (Herzer et al., 2016):

Viability. The MTT viability assay measures the meta-
bolic activity of the cells. The required enzyme activity cor-
relates with cell viability. ADDLs significantly reduce the
viability of hippocampal neurons. However, a preceding
GENZ treatment increases the viability of neurons, which
are exposed to ADDLs (Fig. 3b).

Cell surface IR. ADDLs induce a loss of IR at the neu-
ronal cell surface. However, this can be counteracted by
GENZ treatment.

Insulin-dependent signal transduction. The loss of sur-
face IR ultimately impairs insulin-dependent signal trans-
duction. The innovative proximity ligation assay (PLA®,
Duolink®) detects phosphorylated and thereby active IR
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Fig. 3: Inhibiting ganglioside biosynthesis protects neurons against
neurotoxic oligomeric B-amyloid species (ADDLs). a Glucosylcer-
amide synthase (GCS) is the key enzyme in ganglioside biosynthe-
sis. Ganglioside biosynthesis can be inhibited either pharmacologi-
cally by the ceramide analogue GENZ-123346 (GENZ) or genetically
by cell-specific deletion of the Ugcg allele (Ugcg flox/flox//Cre
mice). The promoter regulating the expression of the Cre recombi-
nase determines the target cells where ganglioside biosynthesis will
be shut down. b ADDL exposure reduces neuronal viability. However,
GENZ-treated neurons are more resistant towards the detrimental
effects of ADDLs (Fig. 3.b) modified from Herzer et al., 2016).

along the dendrites of cultivated neurons (Fig. 4.a.). In line
with results from other groups (De Felice et al., 2009), the
PLA® shows that ADDLs impair the insulin-stimulated
phosphorylation of dendritic IR. However, this detrimental
effect can be counteracted by GENZ treatment (Fig. 4.b.).
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Fig. 4: Insulin sensitivity is increased in GENZ-treated cells in a model of Alzheimer’s disease. a Molecular interactions can be visualized by
the innovative technology proximity ligation assay (PLA®). The PLA® enables the detection of interaction partners by primary antibodies
(two different host species) and oligonucleotide-coupled PLA® secondary antibodies. The adapter oligonucleotides will be ligated and form
a template for the subsequent “rolling circle amplification” step. The amplicon will then be visualized by a fluorescently labeled probe.
Phosphorylated and thus active IR can be visualized by PLA® along the dendrites. b Cultivated neurons are exposed to neurotoxic B-amyloid
oligomers (ADDLs) in a model of Alzheimer’s disease. The PLA® shows a decline in insulin-stimulated IR phosphorylation after ADDL
exposure. However, the inhibition of ganglioside biosynthesis by GENZ maintains the insulin sensitivity of ADDL-exposed neurons (Fig. 4.b)
modified from Herzer et al., 2016).

Reduction of caveolin-1 by GENZ oside-deficient neurons display less caveolin-1 and, conse-
stabilizes IR levels on the neuronal quently, a l.ower m.lml.)er of cavef)lae (He.rzer et al.., 2016).

Upon ligand binding, IR are internalized both in clath-

cell surface rin-coated pits and caveolae. Thus, caveolin-1 can regulate

the amount of cell surface IR. Since caveolin-1-levels are

Caveolae, formed by the protein caveolin-1, are special- increased in the brains of Alzheimer’s disease patients

ized membrane micro-domains in which endocytosis (Gaudreault et al., 2004), caveolae are regarded as poten-

takes place. Moreover, high amounts of cholesterol and tially decisive factors for the development of this disease.

sphingolipids are found in caveolae. Interestingly, gangli- With the help pf the PLA®, we are able to show for the
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Fig.5: Inhibition of the ganglioside biosynthesis protects against Alzheimer’s disease-induced neurodegeneration and insulin resistance.
The results suggest that gangliosides facilitate the B-amyloid-induced IR endocytosis in caveolae and thereby contribute to neurodegenera-
tion (left scheme). However, inhibiting GCS decreases the levels of caveolin-1 and increases the viability and the insulin sensitivity of
neurons in a model of Alzheimer’s disease (right scheme). We suggest that GCS inhibition also accounts for the increased viability of
ganglioside-deficient neurons in our mouse model of Alzheimer’s disease (Fig. 5 modified from Herzer et al., 2016).

first time that ADDLs significantly induce direct molecular
interactions between a) caveolin-1 and ganglioside GDIa,
b) IR and GDla, and c) IR and caveolin-1. We suggest that
increased interactions between IR and caveolin-1, mediat-
ed by gangliosides, are required for IR endocytosis (Herzer
et al., 2016).

Thus, we postulate a novel molecular mechanism by
showing that gangliosides in the neuronal cell membrane
facilitate Alzheimer’s disease-induced insulin resistance
by stimulating caveolin-1 expression and its molecular in-
teractions with IR. An inhibition of GCS and a subsequent
reduction of caveolae stabilize the IR in neurons exposed
to neurotoxic ADDLs (Fig. 5).

Inhibition of ganglioside bio-
synthesis also protects Alz-
heimer’s disease mice against
neurodegeneration

GCS and subsequent ganglioside biosynthesis can be ge-
netically deleted in adult neurons of a mouse model of
Alzheimer’s disease (5XxFAD mice; Excursion 2). In fact,
these animals display a significantly lower neurodegen-
eration in the cerebral cortex, even though the amyloid
plaque burden is not reduced. Moreover, GCS deletion
protects Alzheimer’s disease mice from the loss of IR in
the cerebral cortex.
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Our hypothesis suggests that gangliosides facilitate
the B-amyloid-induced IR internalization taking place in
caveolae. Indeed, molecular interactions between caveo-
lin-1 and IR, which occur in Alzheimer’s disease, can be
prevented by GCS deletion (Herzer et al., 2016). Thus, key
findings from our cell culture work can be confirmed in a
mouse model of Alzheimer’s disease.

Outlook

It has been suggested for a long time, that membrane lip-
ids not only represent a mechanical barrier, but that they
actively modulate signal transduction processes as well
as other changes occurring in neurodegenerative diseas-
es. Specifically with regard to Alzheimer’s disease, it was
shown that membrane fluidity, determined by the lipid
composition of cell membranes, influences APP process-
ing (Hajieva et al., 2015). Our results now motivate a novel
hypothesis, suggesting that gangliosides in the cell mem-
brane may facilitate the ADDL-induced neuronal insulin
resistance and, as a consequence, also neurodegenera-
tion. This indicates that neuronal ganglioside biosynthe-
sis may potentially play a decisive role in the progression
of Alzheimer’s disease. Inhibiting the key enzyme in gan-
glioside biosynthesis, the GCS, might therefore potentially
constitute a novel therapeutic target against Alzheimer’s
disease.

However, the hypothesis that modulating GCS expres-
sion could possibly influence the course of Alzheimer’s
disease requires additional empirical support by exten-
sive and purposeful future studies. For example, a hy-
pothesized therapeutic potential of GCS inhibitors, such
as GENZ, needs to be evaluated in more detail, specifically
in animal models of sporadic Alzheimer’s disease. In this
regard, it will be most important to evaluate if neuronal
GCS inhibition exerts any effect on the cognitive function
of affected mice.

Moreover, additional cell types in the brain, particu-
larly glial cells, play an important role in the initiation and
progression of Alzheimer’s disease. Neuroinflammatory
changes elicited by astrocytes and microglia are suspected
to facilitate, if not to elicit, sporadic Alzheimer’s disease.
Thus, it will be a decisive goal to find out how gangliosides
in these cells contribute to the onset of neuroinflamma-
tion. This can be achieved by combinatorial in vivo and in
vitro experiments featuring GCS inhibition in astrocytes or
microglia. Evaluating glial morphology as well as the cog-
nitive function and neuronal connections in affected mice
with glial-specific GCS deletion will be a first step in order
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to find out whether gangliosides are able to modulate neu-
roinflammation and, subsequently, pathological changes
in Alzheimer’s disease.

Excursion 1: Gangliosides

Gangliosides are lipids with a specific chemical structure
that are found in the outer leaflet of the cell membrane.
They were initially isolated from brain tissue in 1942 by
Ernst Klenk, who also gave them the name “gangliosides™.
Besides very high amounts in the brain, gangliosides are
found in virtually all cells of the body. They contribute
to the formation of dynamic micro-domains in cellular
membranes, where they modulate the activity of trans-
membrane receptors. Gangliosides display a hydrophobic
ceramide membrane anchor and a hydrophilic head group
consisting of a variable carbohydrate chain. Typically,
gangliosides have one or more sialic acid residues in their
head groups. Glucosylceramide synthase (GCS) is the key
enzyme in ganglioside biosynthesis, which catalyzes the
addition of an activated glucosyl moiety to ceramide. The
subsequent addition of a galactosyl moiety leads to the
formation of the common ganglioside precursor lactosyl-
ceramide. Additional carbohydrate moieties are then add-
ed by the sequential activity of further enzymes. Through
this process, various ganglioside species are formed that
differ in the composition of their head groups. Different
cell types display different ganglioside expression pat-
terns. Whereas neurons express high amounts of the com-
plex gangliosides GM1, GD1a, GT1b, and GQ1b, astrocytes
mainly express gangliosides with simple structures, such
as GM3 and GD3.

Excursion 2: Ganglioside-deficient
mouse model of Alzheimer’s
disease

Ganglioside biosynthesis can be inhibited cell-specifically
by genetic deletion of the key enzyme of ganglioside bio-
synthesis (GCS, gene Ugcg) (Jennemann et al., 2005). This
is accomplished with the help of the so-called Cre-loxP
system, which specifically deletes marked (“floxed”) DNA
sequences. The promoter that regulates Cre expression de-
termines the target cells where the recombinase shall be
active. Mice with floxed Ugcg alleles are therefore cross-
bred with animals expressing the cutting enzyme Cre re-
combinase specifically in forebrain neurons (Nordstrom et
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al., 2013). As Cre activity is inducible by tamoxifen in these
mice, ganglioside biosynthesis can be specifically deleted
in adult forebrain neurons. Mice harboring a GCS deletion
in adult forebrain neurons are then cross-bred with a com-
mon mouse model of Alzheimer’s disease, the so-called
5XFAD mice (Oakley et al., 2006). 5XFAD mice display an
early-onset progressive variant of Alzheimer’s disease,
as well as B-amyloid deposition and neurodegeneration
starting at the age of three months.

Acknowledgement: Our work is supported by the Alz-
heimer Forschung Initiative e.V. and the Deutsche For-
schungsgemeinschaft (DFG-Grants NO-1107/1-1 and HE-
7978/11).

Literature

Alzheimer, A. (1907). Uber eine eigenartige Erkrankung der
Hirnrinde. Allg Zeits Psychi- Atry Psych. Med 64, 146-148.

Bennett, D. A. (2006). Postmortem indices linking risk factors to
cognition: results from the Religious Order Study and the
Memory and Aging Project. Alzheimer Dis. Assoc. Disord. 20,
S63-8.

Biessels, G.]., Kamal, A., Ramakers, G. M., Urban, I.]., Spruijt, B. M.,
Erkelens, D.W., and Gispen, W. H. (1996). Place learning and
hippocampal synaptic plasticity in streptozotocin-induced
diabetic rats. Diabetes 45, 1259-1266.

Chiu, S.-L., and Cline, H. T. (2010). Insulin receptor signaling in the
development of neuronal structure and function. Neural Dev.
5,7.

Clement, A. B., Gimpl, G., and Behl, C. (2010). Oxidative stress
resistance in hippocampal cells is associated with altered
membrane fluidity and enhanced nonamyloidogenic cleavage
of endogenous amyloid precursor protein. Free Radic. Biol.
Med. 48, 1236-1241.

De Felice, F. G., Vieira, M. N. N., Bomfim, T.R., Decker, H., Velasco,
P.T., Lambert, M. P., Viola, K. L., Zhao, W.-Q., Ferreira, S.T., and
Klein, W. L. (2009). Protection of synapses against Alzhei-
mer’s-linked toxins: insulin signaling prevents the pathogenic
binding of Abeta oligomers. Proc. Natl. Acad. Sci. U. S. A. 106,
1971-1976.

Gaudreault, S.B., Dea, D., and Poirier, ). (2004). Increased
caveolin-1 expression in Alzheimer’s disease brain. Neurobiol.
Aging 25, 753-759.

Hajieva, P., Bayatti, N., Granold, M., Behl, C., and Moosmann, B.
(2015). Membrane protein oxidation determines neuronal
degeneration. J. Neurochem. 133, 352-367.

Head, E., Pop, V., Vasilevko, V., Hill, M., Saing, T., Sarsoza, F.,
Nistor, M., Christie, L.-A., Milton, S., Glabe, C., et al. (2008). A
two-year study with fibrillar beta-amyloid (Abeta) immunization
in aged canines: effects on cognitive function and brain Abeta.
J. Neurosci. 28, 3555-3566.

Heidenreich, K. A., Zahniser, N. R., Berhanu, P., Brandenburg, D.,
and Olefsky, J. M. (1983). Structural differences between insulin

V. Nordstrém and S. Herzer: Modification of membrane lipids protects against Alzheimer’s disease —— A165

receptors in the brain and peripheral target tissues. J. Biol.
Chem. 258, 8527-8530.

Herzer, S., Meldner, S., Gréne, H.-J., and Nordstrém, V. (2015).
Fasting-induced lipolysis and hypothalamic insulin signaling
are regulated by neuronal glucosylceramide synthase. Diabetes
64, 3363-3376.

Herzer, S., Meldner, S., Rehder, K., Grone, H.-J., and Nordstrom,

V. (2016). Lipid microdomain modification sustains neuronal
viability in models of Alzheimer’s disease. Acta Neuropathol.
Commun. 4.

Inokuchi, J. (2010). Membrane microdomains and insulin resistance.
FEBS Lett. 584, 1864-1871.

Jennemann, R., Sandhoff, R., Wang, S., Kiss, E., Gretz, N., Zuliani,
C., Martin-Villalba, A., Jager, R., Schorle, H., Kenzelmann, M., et
al. (2005). Cell-specific deletion of glucosylceramide synthase
in brain leads to severe neural defects after birth. Proc. Natl.
Acad. Sci. U. S. A. 102, 12459-12464.

Kabayama, K., Sato, T., Saito, K., Loberto, N., Prinetti, A., Sonnino,
S., Kinjo, M., Igarashi, Y., and Inokuchi, J. (2007). Dissociation
of the insulin receptor and caveolin-1 complex by ganglioside
GM3 in the state of insulin resistance. Proc. Natl. Acad. Sci. U.
S.A. 104, 13678-13683.

Katzman, R., Terry, R., DeTeresa, R., Brown, T., Davies, P., Fuld,

P., Renbing, X., and Peck, A. (1988). Clinical, pathological,
and neurochemical changes in dementia: a subgroup with
preserved mental status and numerous neocortical plaques.
Ann. Neurol. 23, 138-144.

Krstic, D., and Knuesel, I. (2013). Deciphering the mechanism
underlying late-onset Alzheimer disease. Nat. Rev. Neurol. 9,
25-34.

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R.,
Liosatos, M., Morgan, T. E., Rozovsky, I., Trommer, B., Viola,
K.L., et al. (1998). Diffusible, nonfibrillar ligands derived from
Abetal-42 are potent central nervous system neurotoxins. Proc.
Natl. Acad. Sci. U. S. A. 95, 6448-6453.

Lannert, H., and Hoyer, S. (1998). Intracerebroventricular adminis-
tration of streptozotocin causes long-term diminutions
in learning and memory abilities and in cerebral energy
metabolism in adult rats. Behav. Neurosci. 112, 1199-1208.

Marks, J. L., and Eastman, C.). (1990). Ontogeny of insulin binding in
different regions of the rat brain. Dev.Neurosci 12, 349-358.

Nordstrém, V., Willershduser, M., Herzer, S., Rozman, |., von Bohlen
Und Halbach, O., Meldner, S., Rothermel, U., Kaden, S.,

Roth, F. C., Waldeck, C., et al. (2013). Neuronal expression of
glucosylceramide synthase in central nervous system regulates
body weight and energy homeostasis. PLoS Biol. 11, e1001506.

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J.,
Guillozet-Bongaarts, A., Ohno, M., Disterhoft, )., Van Eldik,

L., et al. (2006). Intraneuronal beta-amyloid aggregates,
neurodegeneration, and neuron loss in transgenic mice with
five familial Alzheimer’s disease mutations: potential factors in
amyloid plaque formation. J. Neurosci. 26, 10129-10140.

Reger, M. A., Watson, G. S., Frey, W. H., Baker, L. D., Cholerton, B.,
Keeling, M. L., Belongia, D. A., Fishel, M. A., Plymate, S.R.,
Schellenberg, G.D., et al. (2006). Effects of intranasal insulin
on cognition in memory-impaired older adults: modulation by
APOE genotype. Neurobiol. Aging 27, 451-458.

Richards, S., Larson, C.]., Koltun, E. S., Hanel, A., Chan, V.,
Nachtigall, J., Harrison, A., Aay, N., Du, H., Arcalas, A., et



A166 —— V. Nordstrém and S. Herzer: Modification of membrane lipids protects against Alzheimer’s disease

al. (2012). Discovery and Characterization of an Inhibitor of
Glucosylceramide Synthase.

Schwartz, M. W., Figlewicz, D. P., Baskin, D. G., Woods, S. C., and
Porte, D. (1992). Insulin in the brain: A hormonal regulator of
energy balance. Endocr. Rev. 13, 387-414.

Simons, M., de Strooper, B., Multhaup, G., Tienari, P.]., Dotti, C. G.,
and Beyreuther, K. (1996). Amyloidogenic processing of the
human amyloid precursor protein in primary cultures of rat
hippocampal neurons. J. Neurosci. 16, 899-908.

Slunt, H. H., Thinakaran, G., Von Koch, C., Lo, A. C., Tanzi, R. E., and
Sisodia, S. S. (1994). Expression of a ubiquitous, cross-reactive
homologue of the mouse beta-amyloid precursor protein (APP).
J. Biol. Chem. 269, 2637-2644.

Steen, E., Terry, B. M., Rivera, E.J., Cannon, J. L., Neely, T.R., Tavares,
R., Xu, X.J., Wands, J.R., and de la Monte, S. M. (2005).
Impaired insulin and insulin-like growth factor expression and
signaling mechanisms in Alzheimer’s disease--is this type 3
diabetes? J. Alzheimers. Dis. 7, 63-80.

Thaler, J. P, Yi, C.-X., Schur, E. A., Guyenet, S.]., Hwang, B. H.,
Dietrich, M. 0., Zhao, X., Sarruf, D. A., Izgur, V., Maravilla, K. R.,
et al. (2012). Obesity is associated with hypothalamic injury in
rodents and humans. J. Clin. Invest. 122, 153-162.

Walker, J. M., and Harrison, F. E. (2015). Shared neuropathological
characteristics of obesity, type 2 diabetes and Alzheimer???s
disease: Impacts on cognitive decline. Nutrients 7, 7332-7357.

Wozniak, M., Rydzewski, B., Baker, S. P., and Raizada, M. K. (1993).
The cellular and physiological actions of insulin in the central
nervous system. Neurochem. Int. 22, 1-10.

Zhao, W. Q., and Alkon, D. L. (2001). Role of insulin and insulin
receptor in learning and memory. Mol. Cell. Endocrinol. 177,
125-134.

Zhao, H., Przybylska, M., Wu, I.-H., Zhang, J., Maniatis, P., Pacheco,
)., Piepenhagen, P., Copeland, D., Arbeeny, C., Shayman, |. a, et
al. (2009). Inhibiting glycosphingolipid synthesis ameliorates
hepatic steatosis in obese mice. Hepatology 50, 85-93.

Article note: German version available at
https://doi.org/10.1515/nf-2017-0007

DE GRUYTER

Bionotes

Dr. rer. nat. Viola Nordstrom

Deutsches Krebsforschungszentrum (DKFZ)
Heidelberg, Abteilung fiir Zelluldre und
Molekulare Pathologie/G130, Im Neuenhei-
mer Feld 280, 69120 Heidelberg, Germany
Interdisziplindres Zentrum fiir Neurowis-
senschaften (IZN), Ruprecht-Karls Universi-
tat Heidelberg, Germany

Mail: v.nordstroem@dkfz.de

Web: http://www.uni-heidelberg.de/izn/
researchgroups/nordstroem/

Dr. Viola Nordstrom (born in 1981) studied biology at the Univer-
sity of Gottingen and the University of Lund in Lund/Sweden. She
obtained her PhD in 2010 at the DKFZ in Heidelberg. Since 2010, she
is working as a scientist and since 2012, as a project group leader
in the Department of Cellular and Molecular Pathology (Prof. Dr.
H.-). Gréne) at the DKFZ in Heidelberg. Since 2013, her group is also
associated with the Interdisciplinary Center for Neurosciences (IZN)
at the University of Heidelberg. In 2015, she received the Erwin-Nie-
haus Award of the Erwin-Niehaus-Stiftung and the Alzheimer
Forschung Initiative e. V. for her research project on Alzheimer’s
disease.

Dr. rer. nat. Silke Herzer

Deutsches Krebsforschungszentrum (DKFZ)
Heidelberg, Abteilung fiir Zelluldare und
Molekulare Pathologie/G130, Im Neuenhei-
mer Feld 280, 69120 Heidelberg, Germany
Interdisziplindres Zentrum fiir Neurowis-
senschaften (IZN), Ruprecht-Karls Universi-
tat Heidelberg, Germany

Dr. Silke Herzer (born in 1982) studied biology at the University

of Heidelberg and the Karolinska Institute in Stockholm/Sweden
(Prof. Bjorn Meister). She obtained her PhD in 2016 at the DKFZ in
Heidelberg. Since 2016, she is working as a scientist in the research
group of Dr. Viola Nordstrom, which is located in the Department of
Cellular and Molecular Pathology (Prof. Dr. H.-). Gréne) at the DKFZ
in Heidelberg.



