VU Research Portal

The role of presynaptic proteins in maintaining neuronal viability
Cerveira Tavares dos Santos, T.

2017

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Cerveira Tavares dos Santos, T. (2017). The role of presynaptic proteins in maintaining neuronal viability. [PhDThesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl

Download date: 09. Jan. 2023

4

PI metabolism is altered in absence of M18-1
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Abstract
Phosphoinositides are biological lipids that play a role in apoptosis, exocytosis and many other
cell functions. Depletion of Munc18-1 from neurons leads to synaptically silent neurons and cell
death via an unknown cell-autonomous mechanism. Dysregulation of the phosphatidylinositol
4,5-biphosphate (PI(4,5)P2), phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) or
phosphoinositide 3-kinase (PI3K) and protein kinase B (PKB or Akt) (PI3K/Akt) pathway can
trigger cell death. Therefore, we analyzed if changes in phosphoinositides were linked to the
neuronal cell loss observed in Munc18-1 knockout (KO) neurons. Our data show a decrease
in somatic levels of phosphatidylinositol 4-phosphate (PI(4)P) and PI(4,5)P2 in Munc18-1 KO
neurons. Furthermore, PI(4,5)P2-binding proteins MARCKS and dynamin were downregulated
in embryonic Munc18-1 KO brains. However, increasing PI(4,5)P2 levels, by overexpressing
phosphatidylinositol 4-phosphate 5-kinase (PIP5K), did not rescue Munc18-1 KO cell death.
PI(3,4,5)P3 levels were increased in Munc18-1 KO neurons, contrasting with a decrease in
activation/phosphorylation of Akt at threonine 308 (Thr308). No changes were observed
in total Akt levels or its activator phosphoinositide-dependent protein kinase-1 (PDK-1).
Together, our data suggest that the decrease in PI(4)P and PI(4,5)P2 is not causal to Munc18-1
KO cell death. However, the unbalance in PI(4,5)P2/PI(3,4,5)P3 ratio may contribute to the
neuronal cell death observed. Finally, our data implicate reduced activation of the PI3K/Akt
pathway in the atypical neurodegeneration observed in Munc18-1 KO neurons.
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Introduction
Phosphoinositides are essential components of eukaryotic cell membranes, having a crucial
role in organelle physiology, vesicular trafficking, cell growth and survival65,67,69,79,276. In neurons,
phosphoinositides are also present at synapses and are involved in synaptic transmission76,277.
Phosphatidylinositol 4-phosphate (PI(4)P) is one of the most abundant
phosphoinositides, mainly localized at the Golgi apparatus but also in endosomal compartments
and at the plasma membrane (PM)70,278. PI(4)P is the precursor of phosphatidylinositol
4,5-biphosphate (PI(4,5)P2)54. PI(4,5)P2 has been implicated in a variety of different cell
functions, including cytoskeleton regulation, endocytosis, exocytosis and apoptosis73,79,279,280.
PI(4,5)P2 inhibits apoptosis by forming a stable complex with gelsolin/caspase that stops
caspase-3/-9 activity and gelsolin cleavage, or by directly binding to caspase-373,74. Apoptosis
has been linked to downregulation of phosphatidylinositol 4-phosphate 5-kinase α (PIP5Kα),
which reduces PI(4,5)P2 levels and depletes it from the PM72,75. Thus, dysregulation of
phosphoinositides metabolism may be a central factor in regulating cell survival.
PI(4)P and PI(4,5)P2 are constitutively present at the plasma membrane, while
phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) is not77,281. PI(3,4,5)P3 is produced
by phosphoinositide-3 kinases (PI3K) in a transient manner, in response to activation of
cell receptors or other stimuli77,281. Effector proteins, such as protein kinase B (PKB or Akt)
and its activator phosphoinositide-dependent protein kinase-1 (PDK-1), are recruited to the
membrane, where they bind PI(3,4,5)P3 and undergo phosphorylation and activation55,56,282.
PDK1 phosphorylates Akt at threonine 308 (Thr308) and DNA-dependent protein kinase
(DNA-PK) or mTOR at serine 473 (Ser473)58-60. Full activation of Akt leads to a series of
substrate-specific phosphorylation events that mediate many cellular functions including
angiogenesis, metabolism, growth, proliferation, survival, etc.64,283-285. The mechanism of action
of the PI3K/Akt pathway in cell death has been well described286-288.
Depletion of Munc18-1 protein leads to embryonic lethality and neurodegeneration in
vivo and in vitro via an atypical and unknown mechanism26,27. In culture, Munc18-1 knockout
(KO) neurons die within 3-7 DIV, do not form mature synapses and present a defect in cisGolgi morphology26,184,200,chapter2. Munc18-1 is a co-chaperone for syntaxin-1160,174,175. Syntaxin-1
is sequestered by PI(4,5)P2, though only 5-30% of PI(4,5)P2 domains co-localize with
syntaxin-1289,290. Furthermore, syntaxin-1 can interact with PI(3,4,5)P3-containing clusters291.
Understanding the phosphoinositides mechanism, in neurons lacking Munc18-1 protein,
might disclose a new cell-autonomous mechanism responsible for neuronal cell death.
Therefore, in this chapter, we studied the role of phosphoinositides in cell death of
Munc18-1 KO neurons. We used cortical neurons and brain lysates from wild-type (WT) and
Munc18-1 KO animals and performed immunocytochemistry, live cell imaging and Western
blotting. We excluded PI(4,5)P2 changes as a causal link to the neurodegeneration observed
in Munc18-1 KO neurons. However an unbalance was observed in PI(4,5)P2/PI(3,4,5)P3
ratio in Munc18-1 KO animals, which may contribute to cell death in these neurons/animals.
Furthermore, our data suggest that the PI3K/Akt pathway may be involved in the atypical cell
death of Munc18-1 KO neurons.
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Material and Methods
Animals
Munc18-1 KO and conditional Munc18-1 mice were generated as described previously27,292.
Embryonic day 18 (E18) embryos were obtained by caesarian section of pregnant females from
timed mating of Munc18-1 heterozygous mice. Munc18-1 KO mice are still born and can be
easily distinguished from wild-type or heterozygous littermates. Animals were housed and
bred according to the Institutional, Dutch and US governmental guidelines.
Neuronal cultures
Hippocampi and cortices were separately collected in ice-cold Hanks Buffered Salt Solution
(HBSS; Sigma) buffered with 7 mM HEPES (Invitrogen). Meninges were removed and neurons
incubated in Hanks-HEPES with 0.25% trypsin (Invitrogen) for 20 min at 37°C. After washing,
neurons were triturated with fire polished Pasteur pipettes and counted in a Fuchs–Rosenthal
chamber. Neurons were plated in pre-warmed Neurobasal medium (Invitrogen) supplemented
with 2% B-27 (Invitrogen), 1.8% HEPES, 0.25% glutamax (Invitrogen) and 0.1% Pen/Strep
(Invitrogen). Network cultures were created by plating 25-50 K/well on 18 mm glass coverslips
or 250K/well on a 35 mm glass bottom dish of cortical neurons on a confluent layer of rat glia
grown on etched glass coverslips sprayed with a 0.1 mg/ml poly-d-lysine and 0.2 mg/ml rat tail
collagen (BD Biosciences) solution.
Constructs, lentivirus infections and chemicals
Neuronal cortical cultures were infected at DIV 0 with lentiviral particles encoding
PH-PLCδ1-GFP, PH-PLCδ1-GFP 3xMut, PIP5Kγ-Cherry, PIP5Kγ K188A-Cherry and
IPP-CAAX-Cherry (gift from I. Milosevic, Departments of Membrane Biophysics and
Neurobiology, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany293),
splitVenus-PH-GRIP1 (gift from P. Verstreken, VIB Center for the Biology of Disease, Leuven,
Belgium291), P4M-SidM-GFP (gift from T. Balla, Eunice Kennedy Shriver National Institute of
Child Health and Human Development, National Institutes of Health, Bethesda, MD, USA,
Addgene plasmid # 51469260), Synapsin-cherry, ManII-Cherry (gift from V. Malhotra, Centre
for Genomic Regulation, Barcelona, Spain231).
Immunocytochemistry and confocal microscopy
Cultures were fixed at DIV 3, 7 and 14 with 4% formaldehyde (Electron Microscopy Sciences).
After washing with Phosphate Buffered Saline (PBS), neurons were permeabilized with 0.5%
Triton X-100, followed by a 30 min incubation in PBS containing 0.1% Triton X-100 and
2% normal goat serum to block aspecific binding. The same solution was used for diluting
antibodies. Neurons were then stained with the primary antibody chicken anti-MAP2 (1:10000;
Abcam) for 2h at room temperature (RT), washed with PBS, and stained with secondary
antibody-conjugated Alexa Fluor (1:1000; Invitrogen) for 1h at RT. After 3 additional washes,
coverslips were mounted on microscopic slides with Mowiol-DABCO and imaged on a Zeiss
510 Meta Confocal microscope (Carl Zeiss) with a 10X lens (Numerical aperture 0.3, Carl
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Zeiss b.v. Weesp). Alternatively, imaging was performed on a NIKON Ti-Eclipse microscope,
with a confocal scanner model A1R+, using a resonant scanning mode. Image acquisition was
performed with 10X objective.
Live cell imaging
Cortical neurons were plated on a 35 mm glass bottom dish, in prewarmed Neurobasal
medium (Invitrogen) supplemented with 2% B-27 (Invitrogen), 1.8% HEPES, 0.25% glutamax
(Invitrogen) and 0.1% Pen/Strep (Invitrogen). For live imaging, neurons were relocated at DIV
3 to a NIKON Ti-Eclipse microscope, with a confocal scanner model A1R+, and a Tokai Hit
heating system with heated stage, water bath and objective and regulated CO2, pre-warmed to
37°C with 5% CO2. Imaging was performed using a resonant scanning mode, for 2h15min,
image acquisition was performed every minute, with 100X (oil immersion objective, NA 1.49)
with 2x zoom, z stacks were performed with 1 µm interval. Intensity was analyzed using ImageJ
software; z stack images were collapsed to maximal projection and analyzed by placing a ROI
at the soma of the neurons.
Mouse brain lysate and Western blotting
Mouse brain lysate for western blotting analysis was homogenized in ice-cold PBS with
protease inhibitors (PI) (Sigma) and was then incubated for 2h at 4°C in 1% Triton X-100
(Fisher Scientific) in 1x PBS with PI (Sigma). The brain lysate was then centrifuged for 20 min
at 10,000g at 4°C. 1 ml Laemmli Sample Buffer (LSB) was added per 0.1 g of brain and boiled
for 20 min at 100°C. Samples were loaded in a SDS-PAGE gel with 2,2,2-Trichloroethanol
(TCE) (Sigma). For visualization of the total proteins, gels were scanned using a Gel Doc EZ
imager (Bio-Rad Laboratories) and analyzed with Image Lab (Bio-Rad Laboratories) to correct
for input differences per sample. Acrylamide gels were transferred onto 0.45 μm pore size
nitrocellulose membranes (Bio-Rad Laboratories). After transfer, membranes were incubated
in an orbital shaker for 30 min at RT in 5% Bovine Serum Albumin (BSA) (Thermo Fisher
Scientific) in Tris–buffered saline containing 0.1% Tween-20 (TBS-T) (Sigma) to block nonspecific binding. Primary antibody incubation was done in 1% BSA (Thermo Fisher Scientific)
in PBS for 1h-2h at RT or overnight at 4°C, followed by 3 washes with TBS-T. Membranes
were then stained with secondary antibody conjugated with alkaline phosphatase (AP) (antirabbit IgG from Jackson ImmunoResearch; anti-mouse IgG from Sigma; 1:10000) for 1h at RT
or horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology;
1:10000) for 1h at RT. After 3 washes with TBS-T the AP-conjugated antibody was visualized
using attophos AP fluorescent substrate (Promega). Membranes were scanned with a Fuji
Image FLA-5000 Reader and analyzed with ImageJ software. Primary antibodies used: antiMunc18 (1:1000, clone # 610336, BD Transduction Laboratories); anti-VCP (1:1000, clone
# K331, gift from T. Südhof, Department of Molecular and Cellular Physiology and Howard
Hughes Medical Institute, Stanford University School of Medicine, CA, USA); anti-dynamins
(1:1000, clone # E765, gift from T. Südhof, Department of Molecular and Cellular Physiology
and Howard Hughes Medical Institute, Stanford University School of Medicine, CA, USA);
77
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anti-cofilin (1:500, clone # A00447, GenScript); anti-cortactin (1:500, clone # A00520,
GenScript); anti-ezrin (1:500, Millipore); anti-profilin (1:500, clone # sc-137236, Santa Cruz),
anti-MARCKS (1:500, clone # A00511, GenScript); anti-Akt (pan) (1:500, clone # 4691, Cell
Signaling Technology); anti-pAkt (Ser473) (1:500, clone # 4060, Cell Signaling Technology);
anti-pAkt (Thr308) (1:500, clone # 2965, Cell Signaling Technology); anti-pPTEN (Ser380)
(1:500, clone # 9565, Cell Signaling Technology); anti-pPDK1 (Ser241) (1:500, clone # 3438,
Cell Signaling Technology).
Results
Live probes detect changes in phosphoinositides in neuronal cultures
To study the distribution and levels of phosphoinositides we used live cell imaging, with genetic
probes consisting of a protein domain with high affinity for a specific phosphoinositide fused to
a fluorescent protein. Lentiviral vectors were used to express these probes in neurons. The PH
domain of PLCδ1 has a high affinity for lipid vesicles containing PI(4,5)P2294-296. This domain
was fused to GFP (PH-PLCδ1-GFP) and used as a probe for PI(4,5)P2293. This construct was
first created with a CMV promoter, but due to high expression, neurons were unhealthy and a
higher variability was observed (data not shown). A new construct, with a synapsin promoter,
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Figure 4.1 – PI(4,5)P2 and PI(3,4,5)P3 live probes for imaging neuronal cultures. A, Wild-type (WT) cortical
neurons were infected by lentiviruses with PH-PLCδ1-GFP (a PI(4,5)P2 probe) and Cherry (neuron filler), at DIV 3
neurons were imaged live at 37°C with 5% CO2. B, WT cortical neurons expressing PH-PLCδ1-GFP and Cherry, at
DIV 14. C, WT cortical neurons were infected by lentiviruses with splitVenus-PH-GRIP1 (a PI(3,4,5)P3 probe) and
Cherry, at DIV 3. D, WT cortical neurons expressing splitVenus-PH-GRIP1 and Cherry, at DIV 14.
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was generated which was well-tolerated, showing less variability among cells. When expressed
in primary neurons, PH-PLCδ1-GFP showed a membrane distribution at DIV 3 and DIV 14
(Fig. 4.1A).
GRIP1 binds PI(3,4,5)P3 via its PH domain with high affinity and selectivity297-299.
A split Venus-based probe with a PH-GRP1 fused to the N-terminal or C-terminal end of
Venus291 and a synapsin promoter was used as a probe for PI(3,4,5)P3. In immature neurons,
expression of splitVenus-PH-GRIP1 for 3 days showed a low signal (Fig. 4.1C). However, in
mature neurons (DIV 14), expression for 7 days produced a much higher, membrane localized,
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Figure 4.2 – PIP5Kγ increases PI(4,5)P2 levels after DIV 14, IPP-CAAX decreases PI(4,5)P2 levels within 3 days.
A, Wild-type (WT) cortical neurons were infected by lentiviruses with PH-PLCδ1-GFP (a PI(4,5)P2 probe) and
PIP5Kγ-Cherry, PIP5Kγ K188A-Cherry (an inactive kinase), IPP-CAAX-Cherry (membrane-targeted 5′-phosphatase
domain of synaptojanin 1) or Cherry (as control), at DIV 3 neurons were imaged live at 37°C with 5% CO2. B,
Quantification of PH-PLCδ1-GFP intensity, at DIV 3, was performed using ImageJ software; * p < 0.05 using ANOVA
test. C, WT cortical neurons were infected by lentiviruses with PH-PLCδ1-GFP and PIP5Kγ-Cherry, PIP5Kγ K188ACherry, IPP-CAAX-Cherry or Cherry, at DIV 14 neurons were imaged live at 37°C with 5% CO2. D, Quantification of
PH-PLCδ1-GFP intensity, at DIV 14, was performed using ImageJ software; * p < 0.05 using ANOVA test.
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signal (Fig. 4.1C). Together, these data show a similar membrane distribution at DIV 14 for
PI(4,5)P2 using PH-PLCδ1-GFP and PI(3,4,5)P3 using splitVenus-PH-GRIP1.
To further validate the PH-PLCδ1-GFP probe, neuronal cultures were infected
with kinases and phosphatases that modulate PI(4,5)P2 levels. PIP5Kγ (PIP5Kγ-Cherry and
PIP5Kγ K188A-Cherry, an inactive control), which generates PI(4,5)P2 from PI(4)P and
the corresponding phosphatase (IPP-CAAX-cherry, the membrane-targeted 5’-phosphatase
domain of Synaptojanin 1)293. Images were captured live and intensity of somatic PH-PLCδ1-GFP
was measured. Expression of PIP5Kγ for 3 days did not increase PH-PLCδ1-GFP intensity
in cultured neurons (Fig. 4.2A, B). However, a ≈ 35% decrease in PH-PLCδ1-GFP intensity
was observed when IPP-CAAX-Cherry was expressed in neurons for 3 days (Fig. 4.2A, B).
Expression of PIP5Kγ for 14 days led to a 1.5 fold increase in PH-PLCδ1-GFP intensity when
compared to control or inactive kinase (Fig. 4.2C, D). An opposite effect was observed when the
phosphatase was expressed for 14 DIV (Fig. 4.2B, C). These data show that the PH-PLCδ1-GFP
probe can detect changes in PI(4,5)P2, at the soma of cortical neuronal cultures, upon expression
of the kinase or phosphatase, especially in older neurons.
PI(4)P and PI(4,5)P2 levels are reduced in somata of Munc18-1 KO neurons, but PIP5Kγ
overexpression does not rescue survival
In Munc18-1 KO neurons, the Golgi pool of PI(4)P is reduced (Chapter 3). Here we analyzed
the soma levels of PI(4)P in cultured neurons. Therefore neuronal cultures from WT and
Munc18-1 KO neurons were infected by lentiviruses expressing P4M-SidM-GFP260 and Cherry,
a red cytosolic marker and imaged live at DIV 3. Quantification of P4M-SidM-GFP intensity
measured in the soma showed a ≈ 14% decrease in Munc18-1 KO neurons compared to WT
(964.8 ± 28.5 A.U.; WT and 831.0 ± 25.4 A.U. KO; * p < 0.05 using Student’s t-test; Fig. 4.3A,
B). These data show that the PI(4)P levels in the soma of Munc18-1 KO neurons are decreased,
similar to the decrease of the PI(4)P pool at the Golgi (Chapter 3).
Since PI(4)P levels were reduced in Munc18-1 KO and PI(4,5)P2 is generated from
PI(4)P, we hypothesized that PI(4,5)P2 levels were also reduced in mutant neurons. Neuronal
cultures from WT and Munc18-1 KO neurons were infected by lentiviruses expressing
PH-PLCδ1-GFP and Cherry and imaged live at DIV 3. Quantification of PH-PLCδ1-GFP soma
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Figure 4.3 – PI(4)P levels are
reduced in Munc18-1 KO neurons.
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WT: 779.2 A.U. ± 49.52; Munc18-1
KO: 638.0 A.U. ± 37.24; * p < 0.05
using Student’s t-test. C, Cortical
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intensity at DIV 3 showed a ≈ 20% reduction in Munc18-1 KO neurons when compared to WT
(779.2 ± 49.5 A.U. WT and 638.0 ± 37.2 A.U. KO; * p < 0.05 using Student t-test; Fig. 4.4A, B).
No differences were observed in the negative control (Fig. 4.4C, D), a mutant PH-PLCδ1-GFP
3xMut, which does not bind PI(4,5)P2293. Based on 3D reconstructions, mutant neurons showed
a more dispersed distribution of PH-PLCδ1-GFP probe in the neurites than WT (Fig. 4.4E).
Together, these data show a reduction in PI(4,5)P2 levels in Munc18-1 KO neurons together
with changes in PI(4,5)P2 localization at the neurites.
Depletion of PI(4,5)P2 from the membrane, as well as reduction of its levels, lead to
apoptosis72. We hypothesized that overexpressing PIP5Kγ and increasing PI(4,5)P2 levels would
stop or delay cell loss in Munc18-1 KO neurons. Therefore, neuronal cortical cultures from
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Figure 4.5 – Overexpression of PIP5Kγ does not rescue Munc18-1 KO cell death. A, Cortical neurons from wildtype (WT) and Munc18-1 knockout (KO) were infected by lentiviruses with PIP5Kγ-Cherry, PIP5Kγ K188A-Cherry
(an inactive kinase) or Cherry (as control), at DIV 3, 7 and 14 neurons were fixed and stained with a dendritic marker
(MAP2). B, Quantification of number of neurons per field of view. C Cortical neurons from Munc18-1 conditional
KO (M18-1 cKO) were infected by lentiviruses with Cre-Cherry (Cre+) or GFP (Cre-) as control and PIP5Kγ, PIP5Kγ
K188A, at DIV 14 neurons were fixed and stained with a dendritic marker (MAP2). D, Quantification of number of
neurons per field of view.

WT and mutant were infected by lentiviruses with PIP5Kγ-Cherry, PIP5Kγ K188A-Cherry
(an inactive kinase) or Cherry only (control) and fixed at different time points. Under these
conditions, cell loss was not decreased neither delayed (Fig. 4.5A, B). Since 3 days of PIP5Kγ
overexpression may not be enough to increase PI(4,5)P2 levels (Fig. 4.2A, C) and Munc18-1
KO neurons die within 3-7 DIV in culture26, Chapter 2, we speculated that cell death in Munc18-1
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KO may not have been rescued due to the short interval to increase PI(4,5)P2 levels. Thus,
the same experiment was performed using neurons from mutant mice carrying a munc18-1
allele where the 2nd exon is flanked by loxP sites26. PIP5Kγ was overexpressed from DIV 0
onwards and Munc18-1 expression was terminated by expression of Cre-recombinase at DIV
7, allowing time for PI(4,5)P2 levels to increase before Munc18-1 was depleted. However, at
DIV 14, no Cre-expressing neurons expressing PIP5Kγ (active or inactive form) remained
in culture, reproducing the results with the conventional Munc18-1 KO neurons. Together,
these data suggest that the reduced PI(4,5)P2 levels might not be responsible for cell death in
Munc18-1 KO neurons.
Cellular levels of PI(4,5)P2-interacting proteins are changed in Munc18-1 KO brains
To further investigate the impact of PI(4,5)P2 changes in Munc18-1 KO neurons, the levels of
PI(4,5)P2 binding proteins were analyzed by Western blot of E18 brain lysates from WT and
Munc18-1 KO animals. Expression of actin-binding proteins such as cofilin, responsible for
assembly/disassembly of actin filaments300 and profilin, that regulates the dynamics of actin
polymerization and reconstruction of actin cytoskeleton301, were not changed in Munc18-1 KO
brains (Fig. 4.6A, B). Total levels of cortactin, a protein that when activated recruits Arp2/3
complex to drive de novo actin nucleation302, did not show significant changes in mutant
animals (Fig. 4.6A, B). However, according to its conformational state, cortactin can run in
the gel as a p80 or p85 fraction302. In Munc18-1 KO brains a decrease in the p85 fraction and a
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Figure 4.6 – PI(4,5)P2 binding proteins, MARCKS and dynamin are reduced in Munc18-1 KO brains. A, E18
brain lysates from wild-type (WT) and Munc18-1 knockout (KO) were analyzed by western blotting. B, Protein levels
were quantified by the ECF method and normalized for loading (total proteins in the gel); * p < 0.05 using student’s
T-test (n = 5). C, Cortactin p80 and p85 fraction were quantified by the ECF method and normalized for loading (total
proteins in the gel); * p < 0.05 using student’s T-test (n = 5).
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slight increase in the p80 fraction were observed (Fig. 4.6A, C). A protein implicated in many
cell functions including endocytosis, dynamin303, showed severely reduced expression (90%
reduction) in mutant animals (100% ± 17.7 WT, 9.0% ± 1.0 KO; *** p > 0.001 Student’s t-test;
Fig. 4.6A, B). Furthermore, Munc18-1 KO brains showed a reduction of ≈ 33% in the levels
of myristoylated alanine-rich C kinase substrate (MARCKS), a Ca2+ dependent protein kinase
C substrate that specifically binds and regulates PI(4,5)P2 levels304 (100% ± 13.7 WT, 67.6%
± 3.5 KO; * p > 0.05 Student’s t-test; Fig. 4.6A, B). In contrast, ezrin, a protein that, together
with radixin and moesin, links actin filaments to the apical membrane of the cell305, showed an
increase of ≈ 48% in mutant animals (100% ± 5.4 WT, 147.8% ± 17.7 KO; ** p > 0.01 Student’s
t-test; Fig. 4.6A, B). All together these data show that, apart from changes in PI(4,5)P2 levels,
actin/PI(4,5)P2 binding proteins are also altered in Munc18-1 KO neurons.
PI(3,4,5)P3 levels are increased, but expression of pAkt Thr308 is decreased in Munc18-1 KO
neurons
The changes observed in PI(4,5)P2 levels in Munc18-1 KO neurons (Fig. 4.4) may also impact
the levels of PI(3,4,5)P3, a phosphoinositide generated from PI(4,5)P2281. PI(3,4,5)P3 was
studied by measuring the intensity of splitVenus-PH-GRIP1291 in the soma of cultured neurons
at DIV 3. Munc18-1 KO neurons showed a ≈ 15% increase in the splitVenus-PH-GRIP1
fluorescence when compared to WT neurons (420.5 ± 13.1 A.U. WT and 481.3 ± 21.2 A.U.
KO; * p < 0.05 using Student’s t-test; Fig. 4.7A, B). Hence, these data suggest an increase in
PI(3,4,5)P3 levels in Munc18-1 KO neurons.
PI(3,4,5)P3 is crucial for the activation of diverse proteins in the PI3K/Akt pathway.
Furthermore, changes in the PI3K/Akt pathway can lead to apoptosis306. Thus, proteins involved
in this pathway were analyzed by Western blot comparing E18 brain lysates from Munc18-1
WT, heterozygote (HZ) and KO animals. No differences in the levels of active PDK1 (pPDK1)
were found in Munc18-1 KO brains compared to WT (Fig. 4.8A, B). Mutant animals showed a
trend towards a reduction in the activated form of PTEN (pPTEN) (Fig. 4.8A, B). Furthermore,
a trend towards an increase in Akt-1/-2/-3 levels was measured in Munc18-1 KO brains (100%
± 9.4 WT, 102.1% ± 11.8 HZ, 122.4% ± 15.2 KO; ns p > 0.05 using one-way ANOVA followed by
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the post hoc LSD test; Fig. 4.8A, C). Akt is activated by phosphorylation of Ser473 or Thr308306.
Therefore, levels of pAkt were measured. Mutant animals showed no changes in the levels of
pAkt Ser473 (Fig. 4.8A, D). However, a decrease of ≈ 49% was observed in pAkt Thr308 in
Munc18-1 KO brain compared to WT (100% ± 22.4 WT, 110.0% ± 22.3 HZ, 51.0% ± 18.3 KO;
* p < 0.05 one-way ANOVA followed by the post hoc LSD test; Fig. 4.8A, D). Further analysis
of the ratio of pAkt/Akt showed a trend towards a decrease in the ratio in Munc18-1 KO brain
(0.43 ± 0.1 WT, 0.44 ± 0.1 HZ, 0.23 ± 0.1 KO; ns p > 0.05 using one-way ANOVA followed by
the post hoc LSD test; Fig. 4.8A, E). All together these data suggest that the PI3K/Akt pathway
might be involved in the atypical cell death mechanism observed in Munc18-1 KO neurons.
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Discussion
In this study we have validated probes for PI(4)P, PI(4,5)P2 and PI(3,4,5)P3 and identified
changes in the levels of these phosphoinositides in Munc18-1 KO neurons. Our data suggest
that PI(4,5)P2 is not involved in the mechanism of Munc18-1 KO cell death. Finally, our data
implicate the PI3K/Akt pathway in the atypical neurodegeneration observed in Munc18-1 KO
neurons.
Validation and limitations of PH-PLCδ1-GFP and splitVenus-PH-GRIP1 probes
PH-PLCδ1-GFP, the PI(4,5)P2 probe used in this study, showed membrane localization with
clusters/hotspots in young (DIV 3) and mature (DIV 14) neurons. These results are in line with
previous reports in chromaffin cells and PC12 cells that show PI(4,5,)P2 distributed at the PM
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and microdomains that co-localize with exocytosis sites280,290,307. Overexpression of PIP5Kγ and
IPP-CAAX that anabolize and catalyze PI(4,5)P2, respectively, produced the corresponding
increase and decrease in PH-PLCδ1-GFP signals at DIV 14 (Fig. 4.2), confirming that also
in neurons, this probe can be used for the quantification of PI(4,5)P2 levels. However, in
young neurons, overexpression of PIP5Kγ for 3 DIV was not sufficient to increase PI(4,5)P2
levels. This is probably due to the short time frame, as within 3 days, the kinase itself has to
be expressed and to increase PI(4,5)P2 levels. Hence, overexpressing PIP5Kγ in combination
with PH-PLCδ1-GFP should not be used as an approach to study young neurons. For the
phosphatase, 3 DIV were sufficient to reduce PI(4,5)P2 levels. IPP-CAAX depletes PI(4,5)P2
from the membrane and degradation of the free probe can explain the decrease in PI(4,5)P2
levels. Our data show that PH-PLCδ1-GFP can detect perturbations in PI(4,5)P2 levels caused
by the kinase and phosphatase. Thus, this probe can be used in living neurons to indirectly
measure PI(4,5)P2 levels and localization.
The results obtained from the PI(3,4,5)P3 probe used in this study,
splitVenus-PH-GRIP1, showed PI(3,4,5)P3 localized at the PM as well as dispersed in the
cytoplasm and at the growth cones (Fig. 4.1). These data are in accordance with previous studies
using different PI(3,4,5)P3 probes308,309. Furthermore, the fact that PI(3,4,5)P3 is transient
at the PM281 and is involved in neurite outgrowth and neuronal polarization309, explains the
localization observed in neuronal cultures in this study.
All together, these data suggest that both probes are suitable for studying PI(4,5)P2 and
PI(3,4,5,)P3 in neurons. These probes measure phosphoinositides indirectly. A more sensitive
and direct measurement, such as high-performance liquid chromatography (HPLC)263, could
complement the conclusions reached in this study. However, these probes provide unique
opportunities to investigate the distribution of phosphoinositides in live neurons and to detect
localization differences.
Low levels of PI(4,5)P2 are not causal to Munc18-1 KO neuronal cell death
Munc18-1 KO neurons showed small changes in the levels of the three subspecies of
phosphoinositides measured PI(4)P, PI(4,5)P2 and PI(3,4,5)P3. PI(4)P and PI(4,5)P2 levels
were decreased in Munc18-1 KO (Fig. 4.3, 4.4 and chapter 3), while PI(3,4,5)P3 levels were
increased (Fig. 4.7). PI(4,5)P2 is known to prevent apoptosis by inhibiting cleavage of gelsolin
and by inhibiting caspase-3/-9 activity72-74,310,311. Therefore, we hypothesized that the reduced
PI(4,5)P2 levels might contribute to the cell death observed in Munc18-1 KO neurons. However,
PIP5Kγ overexpression did not rescue Munc18-1 KO cell loss (Fig. 4.5), also not in munc18-1
loxP neurons, in which PIP5Kγ overexpression could be prolonged for 7 days. One argument
is that caspase-3 also cleaves PIP5Kγ, decreasing its activity, as observed for human PIP5Kα74.
Using a cleaved caspase-3 resistant mutant (PIP5Kα D279A), the suppression of apoptosis
increases to higher levels than WT kinase. Although the WT kinase is cleaved by caspase-3,
a delay in cell loss was still observed74. However, in this study, no delay in Munc18-1 KO cell
loss was observed when WT kinase was overexpressed. To conclusively answer this argument,
cellular levels of the kinase should be measured. Alternatively, the reduction in PI(4,5)P2 levels
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might not be involved in Munc18-1 KO cell loss. This is in line with published work, where
cortical neuronal cultures from PIP5Kγ KO mice do not show neuronal cell loss, even though
these animals have reduced PI(4,5)P2 levels in the brain and animals survive only a few hours
after birth75,312. Hence, our data suggest that Munc18-1 KO neurons die via a mechanism that is
independent of PI(4,5)P2 levels.
Changes in PI(4,5)P2 levels and localization seem to disturb other cellular processes in
Munc18-1 KO neurons
In Munc18-1 KO neurites, PI(4,5)P2 shows a more dispersed distribution when compared
to WT neurons (Fig. 4.4). This difference can be explained by the disruption of PI(4,5)P2/
syntaxin-1 clusters at the PM289,290. In Munc18-1 KO neurons syntaxin-1 levels are 70%
reduced and syntaxin-1 accumulates at the Golgi apparatus, not being efficiently targeted to
the PM166,174; Chapter 2. Hence, syntaxin-1 mislocalization may explain the changes observed in
PI(4,5)P2 distribution in the neurites of Munc18-1 KO neurons.
Furthermore, we have also studied proteins that interact with PI(4,5)P2 and actin
and observed a complex pattern, where not all proteins were up or downregulated (Fig. 4.6).
From the proteins tested, dynamins showed the strongest regulation (Fig. 4.6). Dynamin
binds to PI(4,5)P2 via its PH domain, interaction that is required for clathrin-mediated
endocytosis313-315. Hence, the low levels of dynamin in Munc18-1 KO neurons may be explained
by the lack of endocytosis in these cells, since no synaptic release occurs in Munc18-1 KO
neurons27. Although, the changes observed in PI(4,5)P2 levels and localization are not causal
to Munc18-1 KO cell death, they might have an impact on other cellular processes, sunch
as endocytosis and the complex process of actin cytoskeleton dynamics regulated by actinbinding proteins.
Munc18-1 KO cell death may occur via the PI3K/Akt pathway
In contrast to PI(4,5)P2, PI(3,4,5)P3 levels were increased in Munc18-1 KO neurons (Fig. 4.4
and Fig.4.7). It is possible that the unbalance of these phosphoinositides contributes to cell
death in Munc18-1 KO neurons. In Drosophila, depletion of PTEN, a phosphatase responsible
to convert PI(3,4,5)P3 into PI(4,5)P2, leads to an increase in PI(3,4,5)P3 levels followed by
larvae lethality79,316. Akt, a crucial member of the PI3K/Akt pathway, is translocated to the PM,
where it binds PI(3,4,5)P3 via its PH domain306. The translocation of Akt to the PM and the
binding to PI(3,4,5)P3 leads to conformational changes in Akt that are crucial for its activation
by phosphorylation of Thr308 or Ser403317,318. Comparable, PDK1 is activated upon binding
to PI(3,4,5)P3, being then able to activate/phosphorylate Akt59. Hence, increased PI(3,4,5)
P3 levels are expected to lead to an increase in Akt phosphorylation. Our data show that
PI(3,4,5)P3 levels are increased in cultured neurons from Munc18-1 KO animals, while pAkt
(Thr308) levels are decreased in Munc18-1 KO brain lysates and no changes in total Akt or
pPDK1 levels were detected (Fig. 4.7, 4.8). However, these data only address Akt and pAkt
levels and not localization. Thus, the discrepancy between the increase in PI(3,4,5)P3 levels
and the decrease in pAkt may be caused by the fact that Akt protein is not translocated to
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the PM and therefore PDK1 is unable to phosphorylate Akt. Another possible explanation is
that the decrease observed in pAkt (Thr308) in Munc18-1 KO may be caused, not by a lack
of phosphorylation/activation, but by an increase in dephosphorylation/inhibition. Protein
phosphatase 2A (PP2A), a ubiquitously expressed serine threonine phosphatase, regulates
dephosphorylation of several proteins with critical roles in cellular processes, such as Akt319.
Dephosphorylation of Akt by PP2A occurs at Thr308320. Thus, hyperactivity of PP2A is also a
plausible explanation for the decrease observed in pAkt levels in Munc18-1 KO brains.
Although the mechanism of inactivation of pAkt is still unclear, our data suggest that
neuronal cell death in Munc18-1 KO neurons occurs via inhibition of Akt. As a consequence
of Akt inhibition, the activation of anti-apoptotic targets such as XIAP321, or the inhibition of
several pro-apoptotic targets such as BAD, BAX, Bcl2, p53 and FOXO286, might be altered and
therefore lead to neuronal cell death.
In conclusion, our data suggest that Munc18-1 regulates phosphoinositides levels in
neurons via an unknown as yet mechanism. The PI(4,5)P2 reduction might not be causal to
neuronal cell loss in Munc18-1 KO. Furthermore, the data presented in this study suggest that
the mechanism of Munc18-1 KO cell death might involve the PI3K/Akt pathway.
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