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A B S T R A C T

Swiss Cheese (SWS) is the Drosophila orthologue of Neuropathy Target Esterase (NTE), a phospholipase that
when mutated has been shown to cause a spectrum of disorders in humans that range from intellectual dis-
abilities to ataxia. Loss of SWS in Drosophila also causes locomotion deficits, age-dependent neurodegeneration,
and an increase in lysophosphatidylcholine (LPC) and phosphatidylcholine (PC). SWS is localized to the
Endoplasmic Reticulum (ER), and recently, it has been shown that perturbing the membrane lipid composition of
the ER can lead to the activation of ER stress responses through the inhibition of the Sarco/Endoplasmic
Reticulum Ca2+ ATPase (SERCA). To investigate whether ER stress induction occurs in NTE-associated dis-
orders, we used the fly sws null mutant as a model. sws flies showed an activated ER stress response as de-
termined by elevated levels of the chaperone GRP78 and by increased splicing of XBP, an ER transcription factor
that activates transcriptional ER stress responses. To address whether ER stress plays a role in the degenerative
and behavioral phenotypes detected in sws1, we overexpressed XBP1, or treated the flies with taur-
oursodeoxycholic acid (TUDCA), a chemical known to attenuate ER stress-mediated cell death. Both manip-
ulations suppressed the locomotor deficits and neurodegeneration of sws1. In addition, sws1 flies showed reduced
SERCA levels and expressing additional SERCA also suppressed the sws1-related phenotypes. This suggests that
the disruption in lipid compositions and its effect on SERCA are inducing ER stress, aimed to ameliorate the
deleterious effects of sws1. This includes the effects on lipid composition because XBP1 and SERCA expression
also reduced the LPC levels in sws1. Promoting cytoprotective ER stress pathways may therefore provide a
therapeutic approach to alleviate the neurodegeneration and motor symptoms seen in NTE-associated disorders.

1. Introduction

Neuropathy Target Esterase (NTE) belongs to the family of patatin-
like phospholipase domain-containing proteins (PNPLA), a family of
hydrolases that in mammals consists of at least eight members
(Kienesberger et al., 2009). PNPLA family members show specific ac-
tivity against diverse substrates, including phospholipids, triacylgly-
cerols, and retinol esters, and they are expressed in various tissues.
NTE, also called PNPLA6, was shown to preferably hydrolyze phos-
phatidylcholine (PC) and lysophosphatidylcholine (LPC) (Lush et al.,
1998; Quistad et al., 2003; van Tienhoven et al., 2002). NTE is widely
expressed in the developing and adult nervous system, but its expres-
sion becomes more restricted to large neurons with age (Glynn et al.,
1998; Moser et al., 2000). Loss of NTE in mice causes lethality during
embryogenesis due to placental defects and impaired vasculogenesis
(Moser et al., 2004) while a brain specific deletion is viable, but when

aged these mice show neuronal degeneration and defects in motor co-
ordination (Akassoglou et al., 2004). In humans, mutations in NTE have
been connected with a variety of diseases including NTE-related motor
neuron disorder, Boucher-Neuhäuser, Gordon-Holmes, and Oliver
McFarlane Syndrome to name a few (Deik et al., 2014; Kmoch et al.,
2015; Rainier et al., 2011; Synofzik et al., 2014; Topaloglu et al., 2014).
These are complicated autosomal recessive diseases with varying clin-
ical symptoms such as hypogonadism, chorioretinal dystrophy, ataxia,
and spasticity. While mutations in NTE have been shown to cause the
disease in the affected patients, the underlying molecular mechanism
are not understood.

NTE is an evolutionarily conserved protein also found in Drosophila,
where it is called Swiss-Cheese (SWS). This name is due to the forma-
tion of numerous vacuoles that develop in the nervous system of adult
flies when SWS is lacking or mutated (Kretzschmar et al., 1997). While
the brain appears to develop normally in these flies, vacuoles and
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neuronal cell death become evident around day 5 of adulthood and this
increases with further aging. This is accompanied by progressive loco-
motion deficits and finally premature death (Kretzschmar et al., 1997).
In addition to the neuronal degeneration, sws mutant flies show defects
in the ensheathment of neurons by glia, followed by glial degeneration
(Dutta et al., 2016). In agreement with its role in glia, SWS is expressed
in glial cells, specifically ensheathing glia (Dutta et al., 2016), in ad-
dition to expression in all or most neurons (Muhlig-Versen et al., 2005).
Similarly, NTE has been detected in Schwann cells in addition to neu-
rons and it was shown to be upregulated in Schwann cells after neu-
ronal injury (McFerrin et al., 2017). Confirming conserved roles of SWS
and NTE, NTE can functionally replace SWS and prevent the neuronal
and glial phenotypes in sws mutant flies (Muhlig-Versen et al., 2005).

Like NTE, SWS contains an esterase domain that mediates the
phospholipase activity and sws mutant flies show an increase in PC and
LPC (Muhlig-Versen et al., 2005; Kmoch et al., 2015). PC is a major
component of all cell membranes and, like other phospholipids, it is
mostly synthesized in the endoplasmic reticulum (ER) (Kienesberger
et al., 2009; Lagace and Ridgway, 2013). Furthermore, substantial
amounts of a cell's PC are localized in the ER, which forms a large
membranous network within the cell, but also transfers and secretes
lipids to other cellular compartments and to the extracellular environ-
ment. Therefore, it is not surprising that both, SWS and NTE are en-
riched in the ER and that a loss of SWS or NTE causes disruptions of the
ER in flies and mice (Glynn et al., 1998; van Tienhoven et al., 2002;
Akassoglou et al., 2004; Muhlig-Versen et al., 2005). The ER is also
crucial to respond to stress situations by activating the unfolded protein
response (UPR), which can be induced by the accumulation of unfolded
or misfolded proteins in the ER (Hetz and Mollereau, 2014; Mei et al.,
2013). When activated, the UPR signaling pathway inhibits protein
translation, promotes protein degradation pathways, and increases the
production of chaperones. In addition, it upregulates proteins required
for lipid synthesis and ER function to deal with the increasing demand
for the ER. While these initial responses are aimed at decreasing the
stress and promoting cell survival, sustained activation of the UPR
triggers apoptosis pathways and leads to cell death. Therefore, UPR
responses can be protective or deleterious and both of these functions
have been shown to play a role in a variety of neurodegenerative dis-
eases (Hetz and Mollereau, 2014; Paschen and Mengesdorf, 2005;
Roussel et al., 2013). ER stress responses can also be activated by
changes in lipid composition by inhibiting the Sarco-Endoplasmic Re-
ticulum Ca2+-ATPase (SERCA), resulting in a decrease of ER Ca2+

stores and activation of the UPR (Fu et al., 2011; Paran et al., 2015).
Overexpression of SERCA or the use of an agonists, can prevent these
effects on the ER and also normalize lipid composition (Fu et al., 2011;
Kang et al., 2016). Due to the increased levels of PC and LPC in the sws
mutant and NTE knock-out mouse (Muhlig-Versen et al., 2005; Read
et al., 2009), we therefore investigated whether SERCA inactivation and
ER stress responses are activated in swsmutants and whether this has an
effect on the degenerative and behavioral phenotypes.

2. Materials and methods

2.1. Drosophila stocks

The sws1 allele has been described in (Kretzschmar et al., 1997).
Appl-GAL4 was kindly provided by L. Torroja (Universidad Autonoma
de Madrid, Spain), CaLexA by Jing W. Wan (University of California,
San Diego), UAS-m-XBP1s by D. Rincon-Limas (University of Florida
College of Medicine, Gainesville, FL), and natalisin-GAL4 by Y. Park
(Kansas State University, KS). CantonS, elav-GAL4, UAS-XBP1-EGFP,
UAS-SERCA, and the RNAi lines against IPLA2 (#36129) and LPCAT
(#62918) were obtained from the Bloomington Stock Center. Flies were
maintained on standard fly food (Caltech media) under a 12:12 h
light:dark cycle. Stocks were maintained at 18 °C while crosses and
aging flies were maintained at 25 °C. When analyzing flies from genetic

crosses, control flies and sws1 mutants flies to which these were com-
pared, were outcrossed to wild type CantonS to ensure that effects were
not due to background effects of the inbred lines. We only used male
flies in our experiment because the sws gene is localized on the X-
chromosome (Kretzschmar et al., 1997), and we can therefore obtain
sws1 hemizygous mutants in the first filial generation when performing
crosses.

2.2. Western blots

Western Blots were performed as described in (Carmine-Simmen
et al., 2009). Lysates of 3–4 heads were loaded on 10% SDS gels and
blotted onto PVDF membranes. Primary antibodies used were anti-
GRP78 1:2000 (StressMarq SPC-180D), anti-GFP 1:2000 (ThermoFisher
Scientific A-11122), anti-SERCA 1:1000 (abcam 2A7-A1) and anti-
GAPDH 1:333 (Santa Cruz G-9). Anti-Actin 1:200 (Hybridoma JLA20)
developed by J. Lin was obtained from the Developmental Studies
Hybridoma Bank, created by the NICHD of the NIH and maintained at
The University of Iowa, Department of Biology, Iowa City, IA 52242. All
antibodies were diluted in TBS-T supplemented with 5% milk powder
and incubated overnight at 4 °C. Bands were visualized using horse-
radish peroxidase-conjugated secondary antibodies (Jackson Im-
munoResearch) at 1:10,000 at room temperature for 1.5 h and Super-
Signal West Pico or Femto chemiluminescent substrate
(ThermoScientific). At least three replicates were performed. Statistical
analysis was done using GraphPad Prism. The GRP78 westerns were
analyzed with ANOVA and a Dunett's multiple comparison test. The
CaLexA GFP western was analyzed with an unpaired two-tailed Stu-
dent's t-test.

2.3. Reverse transcription (RT)-PCR

Total RNA was extracted from heads of adults aged to 7 days using
Trizol (Life Technologies, Carlsbad, CA, USA) and cDNA synthesis was
performed using SuperScript III (Life Technologies) and equal amounts
of RNA. PCR with Q5 high-fidelity DNA polymerase (New England
BioLabs, MA, USA) and primers flanking the unconventional splice site
in xbp1 messenger RNA (Xbp1_F GAACTGAAGCAGCAACAGCA and
Xbp1_R GCCACAACTTTCCAGAGTGA) were used to amplify xbp1
cDNA. After 30 cycles, equal volumes of PCR product were run on a 3%
agarose gel and visualized with Ethidium bromide. The unspliced band
was observed at 221 base pairs and the spliced variant was observed at
198 base pairs. Band intensity was measured using Fiji (Schindelin
et al., 2012).

2.4. Negative geotaxis and phototaxis assays

For each genotype tested, 8–15 flies were placed into an empty vial
and allowed to recover from CO2 anesthetization for 2 h. The flies were
then banged down to the bottom of the vial, allowed to ascend, and the
number of flies that crossed 3 cm by 5 s was counted. The percentage of
flies crossing the marker was calculated for each trial, averaged, and
used for statistical comparisons. Statistical analysis was done using
GraphPad Prism. When only two genotypes or treatments were com-
pared, the data was analyzed with an unpaired two tailed Student's t-
test. A one-way ANOVA was used to compare across multiple geno-
types, and when a significant difference was found among the means, a
multiple comparisons test was conducted comparing the means to sws1

carrying only the Appl-GAL4 driver with a Dunnett's correction for
multiple comparisons. Fast phototaxis assays were conducted in the
dark using the countercurrent apparatus described by Benzer (1967)
and a single light source. A detailed description of the experimental
conditions can be found in Strauss and Heisenberg (1993). Flies were
starved overnight, but had access to water and were tested the fol-
lowing morning. Five consecutive tests were performed in each ex-
periment with a time allowance of 6 s to make a transition towards the
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light and into the next vial. The short time renders the paradigm sen-
sitive for walking speed. Flies were tested in groups of 5–10 flies. When
using both, males and females were tested separately but combined to
one value when they did not show significant differences. GraphPad
Prism and one way Anova with post Dunett tests were used to de-
termine significance when several experimental groups were compared.

2.5. Tissue sections and measurements of vacuoles

Paraffin sections for light microscopy were prepared and analyzed
for vacuole formation as described in (Botella et al., 2003; Sunderhaus
and Kretzschmar, 2016). Briefly, whole flies were fixed in Carnoy's
fixative and dehydrated in an ethanol series followed by incubation in
methyl benzoate before embedding in paraffin. Sections were cut at
7 μm and analyzed with a Zeiss Axioscope 2 microscope using the auto-
fluorescence caused by the dispersed eye pigment. To quantify the va-
cuolization, we photographed sections without knowing the genotype
at the level of the great commissure and numbered the pictures for a
double-blind analysis. The area of vacuoles in the deutocerebral neu-
ropil was then calculated in ImageJ as total pixel number, converted
into μm2, and the genotype/treatment determined. Statistical analyses
were done using GraphPad Prism with an unpaired two tailed Student's
t-test or one-way ANOVA and a Sidak's correction for multiple com-
parisons.

2.6. Immunohistochemistry

Brains were dissected in ice-cold PBS and transferred to 4% PFA in
PBS. They were then fixed for 1 h at room temperature (RT) and washed
three times with PBS/0.5% Triton (PBS-T) for 10min each before
blocking with 5% goat serum in PBS-T over night at 4 °C. Anti-GFP was
used at 1:500 and rabbit anti-DmNTL4 ((Jiang et al., 2013a), kindly
provided by Y-J. Kim, Gwangju Institute of Science and Technology,
South Korea) at 1:1000 overnight at 4 °C. Brains were then washed
three times, 20min each at RT and the secondary antibody applied
(anti-rabbit-GFP, Jackson ImmunoResearch) at 1:500 for 2–4 h at RT.
Brains were washed three times for 20min with PBS-T and mounted in
Glycergel for confocal imaging. Confocal imaging was done using an
Olympus FluoView 300 laser scanning confocal head mounted on an
Olympus BX51 microscope.

2.7. Lipid analyses

Forty Drosophila melanogaster heads were collected and 5 μl of
Lipidomix™ was added as an internal standard to each sample. Cold
methyl tert-butyl ether:methanol:water was added and the heads pul-
verized using a ceramic bead blaster, centrifuged and the top layer was
collected for UPLC-HDMS and UPLC-SWATH analyses. Samples were
analyzed in duplicates in positive and negative ion modes. Acquired
data was searched by Peakview's™ XIC Manager and LPC, PC and PE
XIC (extracted ion chromatograms) lists were searched based on for-
mula, accurate mass, isotope ratio and msms fragmentation. These ex-
periments were conducted at the Mass Spectrometry Facility of the
Oregon State University. Analyses of the lipid results was done with the
help of M. Lasarev, a statistician at the Oregon Institute of Occupational
Health Sciences. Totals for LPC, PC, and PE were each divided by
50,000 prior to analysis to improve scale. Technical duplicates from the
same batch were summarized by taking the geometric mean of the two
(scaled) totals. These geometric means served as the response in a two-
way analysis between batch and genotype. The range of values across
genotypes within any given batch differed by more than a factor of 5,
suggesting a log scale being more appropriate for analysis. PC and PE
were analyzed assuming a Gaussian distribution with log-link, while
LPC was more appropriately modeled as a Gamma distribution, also
with a log-link. The ratios between LPC:PE and PC:PE were also ana-
lyzed assuming Gaussian distribution with log-link. Three specific

contrasts of interest (comparing SERCA and XBP1 each against sws1

alone) were tested at the 0.017 level (Bonferroni-adjusted for three
tests) for each response. For the comparisons of saturated and un-
saturated fatty acids, levels were normalized to PE and values de-
termined as fold change to the levels in sws1. One way Anova with post
Dunett tests was used to determine significance.

2.8. TUDCA treatment

Tauroursodeoxycholic acid was obtained from EMD Millipore (Cat
#: 580549-5GM) and was added to regular Drosophila food at a final
concentration of 15mM (Debattisti et al., 2014.). Flies were kept on
food with and without TUDCA after eclosion and transferred to a new
vial after 7 days.

3. Results

3.1. Loss of SWS results in induction of the unfolded protein response

As mentioned above, changes in lipid levels have been described
after the loss of SWS/NTE in flies and mice and such changes could
activate the ER stress response. We therefore investigated whether sws
mutant flies show an activation of ER stress responses, possibly as a
means to protect affected neurons. sws1 mutants show age-dependent
neuronal degeneration with the first signs becoming visible after
5–6 days post eclosion (Kretzschmar et al., 1997). We therefore col-
lected control flies and sws1 flies at 7 days of age when the neurons are
already affected but the degeneration is not so severe that it affects
overall protein levels. To detect an activation of ER stress responses, fly
heads were collected and Western blots performed to determine the
levels of GRP78/BiP, a chaperone in the ER whose transcription is ac-
tivated during ER stress in an attempt to protect the cell. As shown in
Fig. 1A, GRP78/BiP levels were significantly increased in the sws1

mutants. Quantifying this effect (Fig. 1B) showed that the loss of SWS
caused a significant rise in GRP78/BiP levels, suggesting that ER stress
responses are activated in sws1 to prevent cellular damage. Next, we
confirmed that the induction of stress responses is in fact due to the
mutation by reintroducing SWS in sws flies. Expressing SWS pan-neu-
ronally with the Appl-GAL4 driver significantly reduced the levels of
GRP78/BiP in sws to the levels seen in controls, confirming that acti-
vation of the ER stress response was due to the loss of SWS (Fig. 1A, B).

Protective ER stress responses are initiated by the release of GRP78/
BiP from the signaling molecules Activating Transcription Factor 6
(ATF6) and Inositol-Requiring Enzyme 1 (IRE1) (Wang et al., 2009). In
contrast, activation of the stress sensor PERK promotes apoptosis by
activating caspases. Whereas ATF6 directly regulates transcription,
activated IRE1 acts as an endoribonuclease that cuts an intron from the
mRNA of the X-Box Binding Protein (XPB1) (Dunys et al., 2014; Kim
et al., 2006). This results in the translation of the XBP1 transcription
factor, which can then translocate to the nucleus and upregulate genes
associated with lipogenesis, ER associated protein degradation, cha-
perones like GRP78/BiP, and ER remodeling proteins to promote cell
survival. We therefore analyzed the splicing pattern of XBP1 as another
means to show that a protective ER stress response is induced in sws. As
shown in Fig. 1C, D, the spliced mRNA of XBP1, which is 26 bp smaller
than the unspliced form, is about four fold increased in 7d old sws1

mutants, while the levels of the unspliced form are unchanged. This
provides additional support that ER stress is activated in sws mutants
and it suggests that the initiation occurs via the IRE1 pathway.

3.2. Increasing XBP1 levels ameliorates sws-associated behavioral and
neurodegenerative phenotypes

As discussed above, the splicing and activation of XBP1 is a response
of the ER aimed at preventing cellular damage. We therefore tested
whether additional expression of XBP1 could ameliorate the
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phenotypes caused by the loss of SWS. For this experiment, we induced
expression of Drosophila XBP1 (tagged with EGFP) pan-neuronally,
again using Appl-GAL4. To detect sws1-associated locomotor defects we
used negative geotaxis assays which revealed a robust phenotype in
7 day old mutants (Fig. 2A) and this reduction in locomotion is sig-
nificantly improved when we expressed XBP1 (Fig. 2A). Because this
XBP1 construct contains the intron, the resulting mRNA must be spliced
to get translated, further supporting an activation of the IRE1/XBP1
pathway in sws1. We confirmed a protective effect of XBP1 by expres-
sing murine XBP1, using a construct without the intron (UAS-m-XBP1-
s). Although not as effective as the fly version, m-XBP1-s also sup-
pressed the deficits in the negative geotaxis tests (Fig. 2A). To test
whether XBP1 can suppress the neurodegeneration in sws1, we aged the
flies to 14d, an age when degeneration is easily detected by the for-
mation of vacuoles (Fig. 2C). Quantifying the area of vacuoles in the
deutocerebral neuropil showed that the neurodegeneration seen in the
sws1 mutant was reduced when expressing XBP1 or m-XBP1-s (Fig. 2B,
D, E). This shows that XBP1 expression and downstream activation of
cytoprotective mechanisms can ameliorate the behavioral and neuro-
degenerative effects caused by the loss of SWS. Analyzing the levels of
GRP78/BiP in 7d old sws1 flies overexpressing XBP1, we found a de-
crease but this did not reach significance (Supplementary Fig. 1).
However, when analyzing 14 d old flies, the levels of GRP78/BiP were
reduce to the levels in controls (Fig. 2F), suggesting that the increased
levels of XBP1 attenuates the ER stress response.

3.3. Expression of Sarco-endoplasmic reticulum Ca2+ ATPase alleviates
sws1 deficits

Sarco-Endoplasmic Reticulum Ca2+ ATPase (SERCA) is the pump
that balances calcium between the ER and the cytosol by pumping Ca2+

into the ER to ensure proper protein folding and chaperone function
(Hojmann Larsen et al., 2001). In neurons, a healthy ER is vital for the
transport of materials within axons and to act as a Ca2+ pool to ensure
folding of proteins and firing of action potentials along the axon
(Verkhratsky, 2005). The ER is also a major storage site of Ca2+ to
prevent the initiation of the apoptotic pathways that are activated when
the levels of Ca2+ in the cytosol are too high (Verkhratsky, 2005). It has
been described that changes in lipid homeostasis, specifically an ele-
vation of PC, in the ER results in the inhibition of SERCA, thereby af-
fecting Ca2+ homeostasis and contributing to ER stress (Fu et al., 2011).
Therefore, the rise in PC and LPC levels in sws mutants could affect
SERCA and as a consequence ER/cytosol Ca2+ balance. To determine
effects of sws on SERCA, we first performed Western blots using an

antibody against vertebrate SERCA and 7d old flies. To identify the
correct band, we included flies overexpressing SERCA. Comparing sws1

with controls showed that SERCA levels (arrowhead, Fig. 3A) were
reduced in the sws1 mutant. If the reduction in SERCA plays a role in the
pathogenic mechanisms in sws, additional expression of SERCA should
also suppress the phenotypes caused by the loss of SWS. We therefore
performed negative geotaxis assays with sws1 flies expressing SERCA in
neurons via Appl-GAL4. As shown in Fig. 3B, this resulted in a sig-
nificant improvement of the locomotor deficits of 7 day old sws1 mu-
tants. In addition, SERCA expression decreased the neurodegeneration
in 14 day old mutants, as quantified by area of vacuoles (Fig. 3C–E).
This provides further supports that changes in SERCA and Ca2+

homeostasis contribute to the mutant phenotypes that develop in sws1.
To verify changes in Ca2+, we used the CaLexA system to express the
LexA/NFAT transcription factor (Masuyama et al., 2012) pan-neuron-
ally using elav-GAL4. When cytosolic Ca2+ levels rise, LexA/NFAT is
dephosphorylated and translocates from the cytosol to the nucleus
(Supplementary Fig. 2). There it activates the LexA operon, causing the
expression of GFP. Using an antibody to detect GFP, we found a sig-
nificant increase in GFP levels in sws1 versus the control, suggesting
increased Ca2+ levels in the cytosol of sws mutants (Fig. 4A, B). This
was confirmed by expressing LexA/NFAT with Natalisin-GAL4 (Jiang
et al., 2013b) and performing immunohistochemistry on brain whole-
mounts. Natalisin is expressed in four pairs of large neurons (one of
them is shown in Fig. 4C) and we previously showed that these neurons
express high levels of SWS (Bettencourt da Cruz et al., 2008; Cassar
et al., 2018). As expected, we observed an increase of GFP in the cytosol
of these neurons in sws1 compared to the control (Fig. 4D, E). These
experiments confirm changes in Ca2+ balance in sws1, whereby the
decrease in SERCA and the resulting increase in cytosolic Ca2+ may
cause the apoptotic neuronal cell death that we previously described in
aged sws1 (Kretzschmar et al., 1997). Due determine whether SERCA
expression has an effect on the ER-stress responses mediated by the
induction of GRP78/BiP, we again used Western blot analyses but did
not detect a significant change in GRP78/BiP levels between sws1 flies
and sws1 flies expressing additional SERCA (Supplementary Fig. 1).

3.4. Lipid homeostasis is improved when XBP1 or SERCA is expressed

The results described above show that additional expression of
XBP1 ameliorates sws-associated phenotypes. When activated, XBP1
can regulate enzymes involved in lipid synthesis (Han and Kaufman,
2016; Lagace and Ridgway, 2013) and we therefore tested whether its
protective function may be due to improving lipid composition in sws1.

Fig. 1. Loss of SWS activates ER stress responses. A)
Western blot using head homogenates and anti-
GRP78. Higher levels of GRP78 are detectable in
sws1 flies (sws1Appl-GAL4) compared to controls
(only Appl-GAL4). Expressing SWS pan-neuronally in
sws1 flies (sws1Appl-GAL4 > UAS-SWS) reduces GRP
levels. Anti-GAPDH is used as loading control. B)
Quantifying GRP78 protein levels confirms a sig-
nificant increase in sws1 compared to the controls.
Expressing SWS in neurons in sws1 mutants sig-
nificantly reduces GRP78 levels compared to sws1

while they are not significantly different from the
controls. Data represent the mean and SEM of 4 in-
dependent Western blots. Flies were 4-6d old males.
C) Image of PCR fragments showing increased spli-
cing of XBP1 in sws1 compared to controls.
XBP1u=unspliced, XBP1s= spliced. D)
Quantifying the levels of unspliced XBP1 reveals no
significant difference while the levels of spliced
XBP1 is significantly higher in sws1. Data represent
the mean and SEM of 3 independent Western blots.
Flies were 7d old. * p < 0.05, **p < 0.01.
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It was previously described that loss of SWS/NTE results in a rise in PC
and LPC levels in flies and mice (Kmoch et al., 2015; Muhlig-Versen
et al., 2005; Read et al., 2009) and using head extracts from control flies
and sws1 confirmed these results (Fig. 5). PC and LPC levels were nor-
malized to phosphatidylethanolamine, which we previously showed not
to be affected in sws (Muhlig-Versen et al., 2005). As expected, ex-
pression of XBP1 was able to significantly reduce the LPC/PE ratio
(Fig. 5A) however, it did not affect the PC/PE ratio (Fig. 5B). More
surprisingly, SERCA expression had the same effect and also reduced
LPC levels but not PC levels (Fig. 5A, B). Although XBP1 and SERCA
expression only reduces LPC levels they both significantly suppressed
sws-related phenotypes, indicating that the increase in LPC levels may
be more pathogenic than the increase in PC.

It has been shown that LPC is the preferred substrate of SWS/NTE
(Quistad et al., 2003; van Tienhoven et al., 2002) and therefore an
increase in LPC levels is expected after the loss of SWS/NTE. However,
in both flies and mice PC levels are also increased (Kmoch et al., 2015;
Read et al., 2009). PC can be generated from LPC by lysopho-
sphatidylcholine acyltransferases (LPCAT), which preferentially

incorporates polyunsaturated fatty acids (Lagace and Ridgway, 2013;
Parks and Gebre, 1997). We therefore determined the levels of satu-
rated, monounsaturated, and polyunsaturated fatty acids in sws1 versus
controls. Whereas the levels of saturated PCs were not different in sws1

head extracts versus controls (Fig. 6A), the levels of monounsaturated
and even more so polyunsaturated PCs were significantly increased in
sws1 (Fig. 6B, C). This indicates that the increase in PC levels in the
mutant could be a consequence of the increased levels of LPC and in-
creased LPCAT activity. Determining the changes in LPC species, we
found that all types were significantly increased in sws1 (Fig. 6D-F). As
expected form the results in Fig. 5, showing no effects of XBP1 and
SERCA overexpression on overall PC levels, neither had an effect on the
different types of fatty acids. However, although both decreased overall
LPCs levels, SERCA decreased the levels of saturated LPCs, whereas
XBP1 decreased the levels of monounsaturated and polyunsaturated
LPCs.

Fig. 2. XBP1 expression rescues sws1. A) Expression
of fly XBP1-EGFP (XBP1) or mouse XBP (mXBP1)
with Appl-GAL4 suppresses the locomotor deficits
observed in sws1 (sws1Appl-GAL4) when 7d old. B)
Quantifying neurodegeneration at 14d of age reveals
that expression of XBP1 or m-XBP1 suppresses the
sws1-associated neurodegeneration. Data represent
the mean and SEM. The number of independent trials
of 8 or more flies used in A or heads used in B is
indicated above the bar. C) Head section from a 14d
old sws1 fly (sws1Appl-GAL4) shows the formation of
vacuoles in the brain. The formation of vacuoles is
suppressed when either fly (D; sws1Appl-
GAL4 > UAS-XBP1-EGFP) or mXBP1 (E; sws1Appl-
GAL4 > UAS-mXBP1) is expressed. Scale bar for C-
E= 25 μm. F) GRP78 levels are decreased when ex-
pressing XBP1 in sws1 (sws1Appl-GAL4 > UAS-
XBP1-EGFP) compared to sws1. Data represent the
mean and SEM of 3 independent Western blots. Flies
were 14d old. *p < 0.05, **p < 0.01,
****p < 0.0001.
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3.5. sws-like phenotypes and ER stress in LPCAT and iPLA2-VIA
knockdowns

The findings presented above provide strong evidence that changes
in lipid composition and especially an increase in LPC are inducing ER
stress and play an important role in inducing the phenotypes in sws1. To
obtain further support for this, we manipulated other proteins involved
in lipid homeostasis. As mentioned above, LPC can be converted into PC
by the acetyltransferase LPCAT thereby reducing LPC levels. We
therefore tested whether a knockdown of LPCAT can induce ER stress
and lead to similar phenotypes as observed in sws. Measuring GRP78/
BiP levels in the panneuronal elav-GAL4 induced knockdown showed a
significant increase in GRP78/BiP compared to the wild type control
when analyzing 7d old flies (Fig. 7A). In addition, LPCAT knockdown
flies showed locomotion defects when 14d old (Fig. 7B) and they re-
vealed some neurodegeneration at 30d (arrows, Fig. 7C). More dra-
matic effects were detected when knocking down iPLA2-VIA, a member
of the calcium-independent phospholipases that catalyze the hydrolysis
of PCs to LPCs and affect the function of various organelles, including
the ER and mitochondria (Ramanadham et al., 2015). PLA2G6, the
human homologue of fly iPLA2-VIA, has been connected to several
neurodegenerative diseases and flies lacking iPLA2 show a severe de-
generative phenotype when aged and defects in negative geotaxis
(Kinghorn et al., 2015). As shown in Fig. 7D, we confirmed the neu-
rodegeneration in 30d old iPLA2-VIA knockdown flies and we also
detected a strong reduction in performance in the phototaxis test at 14d
(Fig. 7B). This is another assay to analyze locomotion deficits and sws1

is also performing poorly in this test (Fig. 7B). Furthermore,uPLA2-VIA
knockdown flies showed an increase in GRP78/BiP levels when 7d old
(Fig. 7A), showing that other genetic manipulations that interfere with
PC/LPC homeostasis induce ER stress responses similar to sws1.

3.6. Tauroursodeoxycholic acid treatment alleviates sws1 phenotypes

Tauroursodeoxycholic Acid (TUDCA) is a bile salt that has been
shown to reduce ER stress associated with elevated glucose levels in
diabetes and it is also a potent inhibitor of apoptosis by stabilizing
mitochondrial membranes to prevent the release of cytochrome C, Bax
translocation and caspase 3 activation (Rodrigues et al., 2003;
Schoemaker et al., 2004; Vang et al., 2014). Due to this anti-apoptotic
activity, TUDCA has been tested as a possible treatment for several
neurodegenerative diseases, including Alzheimer's disease, Parkinson's
disease, and amyotrophic lateral sclerosis (Vang et al., 2014). TUDCA
treatment has also been shown to suppress phenotypes in Drosophila
models of neurodegeneration (Debattisti et al., 2014; Tsuda et al.,
2017). We therefore tested whether it can slo ameliorate sws1-asso-
ciated phenotypes. For this experiment, we reared and aged flies on
food that contained 15mM TUDCA, a concentration previously shown
to be effective in Drosophila (Debattisti et al., 2014). As shown in
Fig. 8A, treated 7d old sws1 flies performed significantly better in the
negative geotaxis test than age-matched control sws1 flies kept on food
without TUDCA. Analyzing neurodegeneration at 14 days of age also
showed an improvement in treated sws1 flies (Fig. 8B-D). These results
show that treatment with TUDCA is able to decrease both, the degen-
erative and behavioral phenotype of sws1. We also measured GRP78/
BiP levels in these flies but did not detect a significant effect by TUDCA
treatment (Supplementary Fig. 3), suggesting that the treatment does
not promote protective ER stress responses but may reduce apoptotic
death in the mutant.

4. Discussion

Loss of SWS/NTE function causes locomotion deficits, neuronal
degeneration, and a shortened life span. It has also been shown that

Fig. 3. SERCA expression rescues sws1. A) A Western
blot shows a reduction in SERCA levels in sws1. The
identity of the band representing SERCA (arrow-
head) is confirmed by overexpressing SERCA with
elav-GAL4. Anti-GAPDH is used as loading control.
Flies were 7d old. B) SERCA expression (sws1Appl-
GAL4 > UAS-SERCA) significantly suppresses the
negative geotaxis deficits in 7d old sws1. C)
Quantifying the area of vacuoles shows that expres-
sion of SERCA also significantly rescues the neuro-
degeneration of sws1 at 14d. Data represent the mean
and SEM. The number of independent trials of 8 or
more flies used in B or heads used in C is indicated
above the bar. *p < 0.05, **p < 0.01. D) Head
section of a 14d old sws1 fly (sws1Appl-GAL4) E)
Head section from a 14d old sws1 fly expressing ad-
ditional SERCA (sws1Appl-GAL4 > UAS-SERCA).
Scale bar for D, E=25 μm.

E.R. Sunderhaus, et al. Neurobiology of Disease 130 (2019) 104520

6



SWS/NTE acts as a phospholipase that can deacetylate lysopho-
sphatidylcholine (LPC) to produce glycerophosphocholine (Quistad
et al., 2003; van Tienhoven et al., 2002) and that the loss of SWS/NTE
leads to an increase in PC and LPC (Kmoch et al., 2015; Muhlig-Versen
et al., 2005; Read et al., 2009). We therefore investigated whether and
how this change in lipid homeostasis may lead to the behavioral and
degenerative phenotypes in the mutants. PC is synthesized and abun-
dant in the ER and it is crucial for the membrane expansions that occur

during ER stress, therefore its production is increased during ER stress
(Lagace and Ridgway, 2013; Mei et al., 2013; Roussel et al., 2013; Hetz
and Mollereau, 2014). However, an increase in PC can also activate ER-
stress responses as shown in the context of obesity and in a mouse
model of muscular dystrophy (Fu et al., 2011; Paran et al., 2015),
suggesting that the lipid content in the ER has to be tightly regulated.
ER stress activates a complex signaling network that first promotes
protective mechanism that include increasing lipid synthesis and pro-
ducing chaperones like GRP78/BiP (Jiang et al., 2015; Wang et al.,
2009; Wu et al., 2015). This occurs via transcriptional activation, either
directly via ATF6 or indirectly via the splicing of XBP1. Our results that
GRP78/BiP levels and XBP1 splicing is increased in sws1 shows that
protective ER stress responses are initiated in the mutant in an attempt
to prevent cellular damage. Consequently, expressing additional XBP1
ameliorated the behavioral and neurodegenerative phenotypes of sws1,
and it reduced the increase in lipids, though this only reached sig-
nificance for LPC. Although XBP1 has been considered a lipogenic
factor, findings in liver have also demonstrated anti-lipogenic effects
(Herrema et al., 2016) and the reduction in LPC therefore suggests that
in the case of sws1 XBP1 has anti-lipogenic functions. In addition, as
seen by the reduction in GRP78/BiP, it terminated further activation of
these transcriptional responses because GRP78/BiP not only acts as a
chaperone but it also binds and inactivates the ER stress receptors,
thereby acting in a negative feedback loop (Adams et al., 2019; Hetz
and Mollereau, 2014).

An increase in ER lipid composition can also affect SERCA and
therefore Ca2+ homeostasis. In obesity and muscular dystrophy mouse
models, the increase in PC/PE ration has been shown to inhibit SERCA
and calcium transport into the ER (Fu et al., 2011; Paran et al., 2015).
Similarly, sws1 mutant flies show on increase in cytosolic Ca2+, which
suggests reduced transport of Ca2+ into the ER, and a reduction in
SERCA levels. That this contributes to the pathogenicity in sws is shown
by our results that expression of SERCA also suppressed the locomotor
deficit and neurodegeneration associated with sws1. Although the pro-
tective effect of SERCA on neuronal survival could be due to reducing
cytosolic Ca2+ and thereby apoptosis (Pinton et al., 2008), SERCA ex-
pression also reduced LPC levels in sws1. Many enzymes depend on high
Ca2+ levels, including phospholipases (Ritz et al., 1980), suggesting
that an activation of other phospholipases could reduce LPC levels.
Alternatively, SERCA promotes the chaperone function of GRP78/BiP,
which is activated by Ca2+ (Carreras-Sureda et al., 2018), and therefore
its release from IRE-1. Consequently, IRE-1 can cleave and activate
XBP1, which then decreases the LPC/PE ratio. However, we think this is
less likely because we should then also detect effects on GRP78/BiP
levels when expressing SERCA but we did not. We also found that XBP1
and SERCA affected lipid levels differently. Although both reduced
LPCs, SERCA expression decreased the levels of saturated LPCs while
XBP1 expression reduced unsaturated LPCs, further supporting that
they might act via different mechanisms on LPC levels.

sws1 mutants show an increase in both, PC and LPC levels and al-
though SERCA and XBP1 only reduce the LPC/PE ratio, they sig-
nificantly suppress the behavioral and degenerative phenotype. This
suggests that the pathology may be due to the elevated levels of LPC
rather than PC. The LPC concentration in membranes is normally quite
low but increased levels of LPC and LPA, which is produced from LPC,
have been connected with a variety of diseases, including heart failure,
atherosclerosis, diabetes, and most notably demyelination and neuro-
pathic pain (Drzazga et al., 2014; Fuchs and Schiller, 2009; Velasco
et al., 2017; Wang and Dennis, 1999). Drosophila does not produce
myelin but glial cells in the fly nervous system do surround axons with a
glial sheath and we previously showed that these sheaths are disrupted
and incomplete in the sws mutant (Dutta et al., 2016). Furthermore, we
showed that a glial specific knock-out of NTE in mice caused in-
complete glial wrapping of Remak bundles by non-myelinating
Schwann cells in the sciatic nerve (McFerrin et al., 2017). That elevated
LPC levels may play a role in these glial defects is suggested by the

Fig. 4. Higher levels of Ca2+, as detected by increased GFP using the CaLexA
system, are detected in sws1. A) Western blot using anti-GFP and head homo-
genates shows increased levels of GFP in sws1. GFP is expressed by inducing
CaLexA pan-neuronally with elav-GAL4. Actin is used as a loading control. B)
Quantification of the GFP levels showing increased levels of GFP, indicating
higher levels of cytosolic Ca2+ levels in sws1. Data represent the mean and SEM
from 3 independent Western blots. *p < 0.05. C) Image showing one of the
large Natalisin-positive neurons. C, D) Inducing CaLexA with Natalisn-GAL4
results in low GFP levels in the cytosol of this large neuron in the control (C)
while GFP levels are increased in sws1 (D). The arrows point to the nucleus.
Scale bar in C= 10 μm, in D, E= 5 μm.

Fig. 5. LPC levels are reduced by expression of SERCA or XBP1. A) Pan-neu-
ronal expression of SERCA or XBP1 (sws1Appl-GAL4 > UAS-SERCA and
sws1Appl-GAL4 > UAS-XBP1-EGFP) significantly reduce the LPC/PE ratio in
sws1. B) Neither expression of SERCA nor XBP1 reduces the PC/PE ratio in sws1.
Data represent the mean and 95% intervals of 3 independent batches. Flies were
3-5d old males. ***p < 0.001, ****p < 0.0001.
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finding that a wild type form of SWS can restore the glial defects when
expressed in glia in sws mutants, while a variant with a mutation in the
active site of the lipase domain cannot (Dutta et al., 2016). However,
lipid homeostasis is also crucial for the health and survival of neurons
(as well as cell types outside the brain). Changes in lipid composition
affects synaptic transmission by regulating vesicle fusion and en-
docytosis (Lauwers et al., 2016). Lipid composition controls the

Fig. 6. XBP1 and SERCA have different effects on
LPCs. A-C) The levels of saturated PCs are not sig-
nificantly different in sws1 head extracts compared to
controls (A) whereas the levels of monounsaturated
(B) and polyunsaturated PC (C) species are sig-
nificantly increased in sws1. Additional expression of
SERCA or XBP1 with Appl-GAL4 in sws1 did not have
an effect on any PC species. D-E) Both, saturated and
unsaturated LPCs were reduced in sws1 head extracts
compared to controls. Additional expression of
SERCA reduces the levels of saturated LPCs in sws1

(D) but does not affect unsaturated LPCs (E, F). In
contrast, expression of XBP1 in sws1 has no effect on
saturated LPCs but reduces the levels of unsaturated
LPCs (E, F). 3 independent measurements were used
and the mean and SEM is shown. Flies were 3-5d old
males. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 7. ER stress and sws-like phenotypes in the LPCAT and iPLA2-VIA knock-
downs. A) GRP78 levels are increased when LPCAT or iPLA2-VIA is knocked
down in all neurons using elav-GAL4. Flies were 7d old. B) These flies also show
deficits in locomotion in fast phototaxis assays when 14d old, as do 14d old sws1

flies. Data represent the mean and SEM. 3 independent Western blots were
analyzed in A and the number of independent trials of 8 or more flies is in-
dicated in B. *p < 0.05, ****p < 0.0001. C) Head sections of a 30d old elav-
GAL4 > UAS-LPCATRNAi

fly shows a few vacuoles (arrows). D) Head sections
of a 30d old elav-GAL4 > UAS-iPLA2-VIARNAi

fly shows severe degeneration in
these flies. Scale bar for C, D=25 μm.

Fig. 8. Rearing flies on TUDCA treated food rescues sws1. A) Treating flies with
TUDCA significantly rescues sws1 negative geotaxis deficits at 7d. B)
Quantifying the neurodegeneration also shows that TUDCA treatment sig-
nificantly rescues this sws1 phenotype at 14d. C) Head sections of a 14d old sws1

fly reared on regular food. D) Head section of a 14d old sws1 fly reared food
with 15mM TUDCA. Scale bar for C, D= 25 μm.
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thickness, fluidity, and curvature of membranes whereby incorporation
of the cone-shaped structure of LPC induces more curvature than the
cylinder-shaped PC, thereby affecting synaptic vesicle release (Lauwers
et al., 2016). Such synaptic changes, due to the elevated LPC/PE levels
and the altered membrane composition, could underlie the locomotion
deficits in sws that are detectable before overt neuronal death occurs.
Furthermore, lipid signaling plays an important role in inducing cell
death. LPC has been shown to promote apoptosis by increasing the pro-
apoptotic proteins Bax and cleaved caspase-3 (Chang et al., 2017;
Kakisaka et al., 2012; Lin and Ye, 2003; Wang et al., 2016). Another
effect of the elevated levels of LPC could therefore be that it promotes
the apoptotic cell death we detected in sws mutants (Kretzschmar et al.,
1997). Therefore, a reduction in the LPC/PE ratio, as detected after
expression of SERCA and XBP1, may be sufficient to ameliorate the
behavioral and degenerative phenotypes in the mutant. As mentioned
above, the increase in PC in sws1 could be a secondary effect due to the
synthesis of more PC from the increased LPC by LPCAT (Lagace and
Ridgway, 2013; Parks and Gebre, 1997). The crucial role of LPC in
causing locomotion and neurodegenerative effects is further supported
by our results that the knockdown of two other enzymes that reduce
LPC levels, LPCAT and iPLA2-VIA, show similar phenotype as sws. They
also increase GRP78/BiP levels, suggesting that LPC may be the key
factor in inducing ER stress responses.

Lastly, we found that TUDCA treatment can ameliorate sws-asso-
ciated phenotypes. TUDCA has been connected to ER stress responses
by findings that it can attenuate ER stress-induced apoptosis and spe-
cifically the activation of Bax by preventing the release of Ca2+ from
mitochondria (Vang et al., 2014). In agreement with this protective
function, TUDCA treatment ameliorated the locomotion and degen-
erative phenotypes of sws, while it did not change GRP78/BiP levels.

In summary, our results suggest that the loss of SWS and its effect on
PC/LPC levels leads to the activation of ER stress responses, SERCA
inhibition and Ca2+ imbalance. Promoting protective ER responses or
increasing SERCA activity protected against the deleterious effects and
also reduced LPC levels, although this seems to occur by different
mechanisms. Furthermore, TUDCA treatment ameliorated the locomo-
tion and degenerative phenotypes associated with sws. TUDCA has been
approved for treatment of biliary cirrhosis and is investigated as a
therapeutic for patients with neurodegenerative diseases and our results
suggest that it may also provide a treatment for NTE-related diseases.
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