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IMPLICATION OF ASTROCYTE-DERIVED LIPIDS IN SYNAPSE 
FUNCTION 

Lipids are building blocks of neuronal membranes and essential for the formation and 

development of synapses. Neurons critically rely on the supply of lipids by astrocytes, as 

they have low capacity to synthesize lipids themselves. Astrocytes synthesize lipids via the 

SCAP-SREBP pathway (Figure 1A) and are thought to secrete these lipids when bound to 

ApoE-containing lipoprotein complexes to allow their transport to neurons. In this thesis, 

we studied the role of astrocyte lipids in the formation and function of neuronal synapses 

by inactivating SCAP-SREBP-mediated lipid biogenesis in astrocytes during embryonic and 

postnatal development.

Embryonic stage inactivation of astrocyte lipid synthesis

Based on our observations that embryonic SCAP deletion in astrocytes, using GFAP-SCAP 

mice, resulted in a reduced number of docked vesicles, a downregulation of proteins 

implicated in the synaptic vesicle cycle and impaired paired-pulse facilitation in vivo 

(Chapter 3, 4), we concluded that astrocyte lipid metabolism is important for presynaptic 

terminal function, possibly by modulating the endocytosis of synaptic vesicles (Figure 1B). 

Indeed, embryonic deletion of astrocyte SCAP resulted in lower levels of proteins involved 

in clathrin-mediated endocytosis (CME) and also in actin remodelling, two processes that 

are closely associated with each other [218]. Endocytosis of clathrin-coated vesicles goes 

through five stages, e.g., initiation, cargo selection, coat assembly, membrane scission 

and vesicle uncoating [219]. We hypothesize that astrocyte lipids might play a role in the 

membrane scission step, as dynamin, endophilin and sorting nexin, so-called accessory 

proteins helping with the formation of a neck between two bilayer membranes to separate 

vesicles from the initial membrane, essential for vesicle budding, are downregulated in GFAP-

SCAP mice. During CME, vesicles are known to bud off from the plasma membrane and the 

endosomal membrane [184]. This process, that strongly depends on membrane remodeling, 

is tightly associated with the dynamics of the actin cytoskeleton [188]. Several actin-binding 

proteins that either assemble or disassemble actin filaments heavily control these actin 

dynamics. We found that synaptosomes of GFAP-SCAP mice contain lower levels of several 

actin-binding proteins that are involved in the disassembling of actin, such as cofilin1 and 

members of the CAP protein family (CAP1 and CAP2): cofilin1 is involved in the shrinking of 

actin filaments, whereas CAP1 and CAP2 stop the elongation of actin filaments. It has been 

reported that clathrin and actin are associated during endocytosis and that interference 

with the process of actin assembly or disassembly perturbs the internalization of clathrin-

coated vesicles [218]. Moreover, others reported that the recruitment of dynamin and actin 

peaks during membrane scission, whereas the recruitment of the actin-disassembly protein 
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cofilin shows a peak right after membrane scission, suggesting a regulated stop of actin 

polymerization machinery and disassembly of actin after membrane scission and supporting 

the role for actin in CME [220]. Thus, our observation that astrocyte SCAP deletion results 

in the downregulated expression of proteins involved in actin remodelling and membrane 

scission indicates that astrocyte lipids might modulate endocytosis by directly regulating 

the level of accessory proteins and actin-binding proteins in hippocampal synapses. 

However, the mechanism that underlies the regulation of synaptic vesicle endocytosis by 

astrocyte-secreted lipids is at this moment unclear. Also we did not find changes in synaptic 

membrane lipid composition that could account for the impaired synaptic vesicle cycle. 

Nevertheless, there is one lipid species that has been extensively reported to be implicated 

in synaptic vesicle endocytosis: phosphoinositides (PIPs), phosphorylated derivatives of 

phosphatidylinositol (PI) [40,45,219,221]. Decreased PIP
2
 levels in the brain are associated 

with a smaller readily releasable pool of synaptic vesicles, delayed endocytosis and slower 

synaptic vesicle recycling kinetics [222]. PIPs are thought to regulate endocytosis through 

the membrane recruitment of endocytic proteins, like dynamin, endophilin and actin-

binding proteins that contain PIP- or PIP
2
-binding domains. It was shown that PIP

2
 depletion 

resulted in a strong dissociation of endocytic proteins from the plasma membrane which 

was associated with the disappearance of clathrin-coated pits [223]. This demonstrates 

that PIP
2
 is essential for the accurate localization of the endocytic machinery during CME. 

Ongoing experiments analysing synaptic vesicle endocytosis and measuring PIP levels 

in synaptic membranes are expected to give more insight in the exact mechanism how 

astrocyte lipids mediate presynaptic function. 

Postnatal stage inactivation of astrocyte lipid synthesis

In Chapter 5, we generated a mouse model that expresses the tamoxifen-inducible CreERT2 

under transcriptional control of the astrocyte-specific Glast promoter. This inducible 

mouse model enabled us to investigate the effects of postnatal astrocyte SCAP deletion 

on the synapse. We inactivated the SCAP-SREBP-pathway in astrocytes after the peak of 

synaptogenesis, when mice were at postnatal day 15-17, and found that this resulted in 

reduced astrocyte lipid synthesis. Interestingly, changes in synapse ultrastructure were 

observed in the hippocampus, in particular, a reduction in the size of the presynaptic active 

zone and the postsynaptic density (Figure 1C), suggesting a reduced synapse size, since 

the size of the postsynaptic density and active zone positively correlates with spine size 

and bouton size, respectively [142,214]. The number of (docked) vesicles was, however, not 

affected when astrocyte SCAP deletion was deleted postnatally (Chapter 5), unlike what 

was found for mice with embryonic astrocyte SCAP deletion (Chapter 3, 4). Together with 

our observation that the synaptic vesicle cycle seems to be impaired in GFAP-SCAP mice 

(Chapter 3, 4), this indicates that astrocyte SCAP deletion before the peak of synaptogenesis 
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interferes with presynaptic terminal function, whereas astrocyte SCAP deletion after the 

peak of synaptogenesis may interfere with pre- and postsynaptic element size. However, it 

should be noted that two different astrocyte-specific promotors, either Glast or GFAP, have 

been used in the two mouse models and that the GFAP promoter potentially targets some 

neural progenitor cells [125,205]. Since we found no expression of SREBP and fatty acid 

synthase (FASN), a SREBP target, in hippocampal neurons (Chapter 3), it is likely that these 

observed differences in GFAP-SCAP and Glast-SCAP synapses are not due to these technical 

issues and that the opposing results are a direct effect of the different time points that 

astrocyte SCAP was deleted during development. Synaptogenesis starts with the formation 

and differentiation of presynaptic terminals, a process that is defined by the accumulation 

of synaptic vesicles, followed by postsynaptic differentiation. Upon functional and 

morphological differentiation of the postsynaptic terminal, PSD-95 and glutamate receptors 

cluster at the postsynaptic membrane [217,224]. When synapses have been formed, they 

are stabilized and undergo developmental maturation. In rodents, synaptogenesis peaks 

around postnatal day 10 and lasts two to three weeks [141], a period that coincides with 

the maturation of astrocytes [225] and a large increase in cholesterol content in the brain 

[32]. Therefore, it seems plausible that impairing astrocyte lipid synthesis during embryonic 

development, when the brain is highly active in neuro- and synaptogenesis [141], may 

have more profound effects on synapse formation and function than impairing astrocyte 

lipid synthesis postnatally. Accordingly, postnatal inactivation of astrocyte lipid synthesis 

at postnatal day 15-17, when most synapses have been formed, had only small effects on 

synapse ultrastructure.

Impaired lipid homeostasis in neurological disorders

Disease onset ranging from neonatal to adult 

Several neurological disorders with neonatal/infantile onset that are associated with 

impaired lipid homeostasis are characterized by presynaptic deficits, comparable to 

our observations on GFAP-SCAP mice, in which astrocyte SCAP is deleted during early 

embryonic development (Chapter 3, 4). For instance, defective cholesterol trafficking 

and impaired synaptic transmission was observed in Niemann-Pick disease type C (NPC), 

a neurodegenerative disorder caused by mutations in the NPC1 gene [76,77]. The NPC1 

protein, predominantly present in perisynaptic astrocyte processes [75], but also detected 

in presynaptic terminals [77], has been associated with the regulation of cholesterol 

homeostasis. NPC1-deficient neurons have a reduced size of the readily releasable pool, 

accompanied by impaired vesicle exocytosis and a faster synaptic depression [77]. This 

suggests that NPC1 may regulate the synaptic vesicle cycle by controlling the cholesterol 

level in synaptic vesicles. In addition, impaired cholesterol synthesis has been associated 

with Huntington’s disease (HD), a progressive neurodegenerative disorder with a juvenile- 
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and adult-onset form [73]. Although postsynaptic defects have also been found in HD, it is 

suggested that presynaptic deficits may underlie HD symptoms. Recent electrophysiological 

experiments revealed a reduction in the number of vesicles released upon neuronal 

stimulation (quantal content) and a reduced number of vesicle release sites (active zones) 

in the neuromuscular junctions of HD mutant mice [226]. Interestingly, HD astrocytes 

have reduced synthesis and secretion of cholesterol, which resulted in lower spontaneous 

synaptic activity, possibly due to a loss of synaptic contacts [74]. Although we did not find 

any changes in cholesterol levels in synaptic membranes of SCAP mutants, we observed 

decreased levels of cholesterol secreted by SCAP mutant astrocytes, suggesting that 

impaired astrocyte cholesterol synthesis might be related to the synaptic deficits observed 

in several neurological disorders. 

Adult disease onset

Changes in brain lipid composition have also been reported in other neurological diseases 

with an onset during adulthood, such as Alzheimer’s disease (AD) and Parkinson’s disease 

(PD) (reviewed in [45]). The finding that the lipid carrier ApoE is a major risk factor for 

developing AD, pointed in the direction that AD is linked to aberrant lipid homeostasis in 

the brain. Indeed, a set of 10 phospholipid species detected in plasma, comprising reduced 

levels of phosphatidylcholine (PC) and lyso-PC, is able to predict memory impairment in 

AD patients with 90% accuracy, two years prior to disease onset, serving as a biomarker for 

detecting preclinical AD [227]. Furthermore, levels of PIP
2
 were found to be decreased in 

human brain tissues of AD patients that are ApoE4 carriers and reduced levels for PI and PIP
2
 

in neurons and astrocytes derived from mice expressing human ApoE4 genotype correlated 

with the development and progression of AD [66]. This shows that ApoE4-induced changes 

in phospholipid levels may contribute to AD pathology. Although we have not analyzed 

PIP
2
 levels yet, we did find reduced PI levels in our astrocyte SCAP mutants. Also, the 

neurodegenerative disorder PD has been associated with impaired lipid homeostasis. It 

was reported that α-synuclein, one of the most well-studied mutated proteins in PD, binds 

membrane lipids and is involved in membrane remodeling (reviewed in [45]. The brains 

of α-synuclein transgenic mice have an aberrant phospholipid profile compared to wild-

type mice, as reduced levels of phosphatidic acid (PA) and lysophosphatidic acid (LPA) as 

well as increased levels of phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and 

phosphatidylserine (PS) have been reported [228]. Moreover, α-synuclein is expressed in 

presynaptic terminals, where it binds the highly curved membranes of synaptic vesicles. 

As a consequence, α-synuclein is able to sense and regulate membrane curvature via its 

amphipathic domain [229]. Interestingly, by blocking membrane binding, the aggregation 

of α-synuclein is enhanced and neurotoxicity increased [230], which is one of the hallmarks 

of PD. Via its capacity to remodel lipid bilayer membranes, α-synuclein may be implicated 



135

General discussion

6

in several steps of the synaptic vesicle cycle, such as exocytosis and (clathrin-mediated) 

endocytosis [231]. Together with our findings that synaptic membranes of GFAP-SCAP mice 

had aberrant lipid composition, these published observations on abnormal phospholipid 

profiles in AD and PD indicate that altered brain lipid composition and membrane curvature 

might underlie these neurological disorders with adult onset.

LIPIDS DERIVED FROM DIET: ROLE IN SYNAPTIC FUNCTIONING

In this thesis, it was investigated whether synapse formation and function could be 

modulated by the exogenous supply of lipids. We tested this in vitro by supplementing 

nutritional phospholipid precursors and cofactors, as provided by Fortasyn Connect (FC), 

to wild-type neuron-astrocyte co-cultures (Chapter 2). In Chapter 4, the effect of an 

experimental diet (ED), containing cholesterol and FC, on synapse formation and function 

in vivo was investigated under healthy conditions and under conditions of compromised 

astrocyte lipid metabolism.

In health

In Chapter 2, we developed a new method to analyze neuronal developmental processes 

in co-cultures of primary isolated wild-type hippocampal neurons and astrocytes using 

the Opera High Content Screening system. We found that postsynaptic spine maturation 

was enhanced when FC was supplemented after 5 days in vitro (DIV5), which is considered 

to be before the main phase of synaptogenesis that peaks around DIV10 [99,100]. This 

conclusion was based on the finding that FC actively increased the level of PSD-95 protein 

in postsynaptic terminals in vitro, which may be in line with our in vivo observation on 

wild-type mice that dietary supply of ED increased the length of the postsynaptic density 

(PSD) (Chapter 4). Although mass spectrometry analysis revealed that PSD-95 protein 

levels seemed unaffected, a significant increase in the levels of postsynaptic proteins 

SAP90/PSD-95-associated protein 4, Shank2 and Shisa6 was found in ED-treated control 

mice. No significant changes in hippocampal LTP and context-induced fear memory were 

observed in control mice after ED treatment, indicating that hippocampal function was 

probably unaffected. Given that PSD scaffolding and adaptor proteins play important 

roles in PSD assembly and that the size of the PSD positively correlates with spine size 

[142,214], we hypothesize that exogenous supply of lipids may affect postsynaptic terminal 

differentiation/maturation. 

Interestingly, we also found a strong enrichment of ribosomal proteins, suggesting that ED 

may enhance protein synthesis in control mice. How the exogenous lipids derived from 

ED may influence protein synthesis is not known, although recent data suggest a role for 

mTOR Complex 1 (mTORC1), a kinase belonging to the family of phosphatidylinositol-3 
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kinase (PI3K) that is known to control the SREBP pathway [232] and involved in protein 

synthesis [233].
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Figure 1. Proposed roles of astrocyte lipids on synapse formation and function during 

embryonic and postnatal development. (A) In control condition, fatty acids and cholesterol are 

synthesized in astrocytes via the SCAP-SREBP pathway. Secreted astrocytes lipids are crucial for proper 

synaptic function. (B) Astrocyte lipids are involved in presynaptic terminal function. When astrocyte 

SCAP is deleted during early embryonic development, lipid synthesis and secretion is strongly 

reduced, leading to impaired synaptic vesicle cycle, reduced number of vesicles that are close to 

the active zone (brown) and ready for release (docked vesicles), and impaired synaptic plasticity. (C) 

Postnatal astrocyte SCAP deletion results in a reduced length of the active zone and postsynaptic 

density. (D) Treatment with experimental diet rescued the impaired synaptic vesicle cycle and 

synaptic plasticity in mice with embryonic astrocyte SCAP deletion. Synaptic changes as a result of 

embryonic or postnatal SCAP deletion are indicated in red. In light green: presynaptic terminal, in 

yellow: postsynaptic terminal, in blue: dietary lipids.
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When astrocyte lipid synthesis has been compromised 

As impaired astrocyte lipid metabolism resulted in defective presynaptic function and 

synaptic plasticity (Chapter 3), we examined whether we could improve this SCAP phenotype 

by dietary supply of lipids (Chapter 4). We were indeed able to rescue the reduced number 

of docked vesicles, the level of many synaptic proteins implicated in the synaptic vesicle 

cycle and hippocampal synaptic plasticity (Figure 1D). Interestingly, rescue of the expression 

of proteins involved in the vesicle cycle might ameliorate endocytosis of synaptic vesicles, 

subsequently resulting in increased docking of vesicles, and improved long-term plasticity. 

We therefore concluded that dietary supplementation of ED improves presynaptic terminal 

deficits and hippocampal plasticity impairment in SCAP mutants, possibly by improving the 

functioning of the synaptic vesicle cycle. Although we could not rescue aberrant synaptic 

membrane lipid composition in SCAP mutants with ED supplementation, we did observe 

changed levels of kinases and phosphatases in PIP metabolic pathways, such as inositol 

polyphosphate-4-phosphatase type IA (INPP4A), INPP1, phosphatidylinositol 5-phosphate 

4-kinase type-2 gamma (PIP4K2C) and PI4K2A (Chapter 3), suggesting that ED might be 

involved in regulating PIP levels. It would be interesting to know whether the exogenous 

lipids and nutritional phospholipid precursors and cofactors in the ED enhance presynaptic 

function by acting on astrocytes or on neurons directly. It is thought that astrocytes 

mediate the distribution of lipids from the circulation to neurons, as they directly contact 

both the blood-brain barrier and neurons. A recent study showed that traceable alkyne 

fatty acids, that were administered via the blood circulation of mice, were readily taken up 

by astrocytes in the hippocampus and used for the synthesis of astrocyte phospholipids 

[234]. Interestingly, astrocytes were able to take up ten times more cholesterol compared 

to neurons when supplemented to primary cell cultures [235]. Together, this suggests that 

astrocytes play key roles in the uptake of dietary lipids. However, whether these lipids are 

secreted and transported to neurons remains to be determined.

TAILORING DIETARY APPROACHES FOR DIFFERENT BRAIN DISEASES 

In the introduction of this thesis I reported that several neurological diseases associated with 

defective lipid synthesis and impaired synaptic function benefit from dietary lipid supply. 

We previously showed that a high fat diet (HFD), rich in saturated and saturated fatty acids, 

successfully rescued impaired motor function in SCAP mutants [56]. Importantly, however, 

it was found that HFD did not significantly improve LTP of SCAP mutants [236]. Instead, it 

was found that HFD decreased LTP of control mice, in line with the observation that this diet 

enriched in cholesterol and saturated fatty acids is unhealthy to controls [236]. As a follow-

up, we treated SCAP mutants with an isocaloric and more healthy experimental diet (ED) that 

contained cholesterol and nutrients required for phospholipid synthesis (FC) (Chapter 4).  
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Apart from the observed improved presynaptic terminal function, we found that dietary 

supplementation with ED rescued hippocampal LTP in SCAP mutants. This opposing result, 

that ED did rescue synaptic plasticity whereas HFD did not, shows us the specificity of 

specific lipid-enriched diets. Also, we recently reported that HFD rescued hypomyelination 

in SCAP mutants, as the formation of myelin sheaths and the expression of myelin proteins 

in total brain extracts were increased [78]. Furthermore, HFD treatment of SCAP mutants 

improved paroxysmal dyskinesia (PxD) episodes, which are progressive motor deficits that 

are characterized by irregular and uncontrolled involuntary movements [56]. Interestingly, 

here we showed that dietary treatment with ED did not rescue the decreased expression 

of myelin proteins MAG, CNP and MBP in SCAP mutants (Figure 2), while it increased the 

severity of PxD episodes (Chapter 4). These observations demonstrate two things. First, it 

suggests that deficient myelin synthesis rather than synaptic deficits underlie PxD episodes 

in SCAP mutants, as HFD enhanced myelin membrane synthesis and ameliorated PxD 

episodes, whereas ED improved LTP but increased PxD episodes. A direct link between PxD 

and impaired myelin synthesis has not been demonstrated, but many movement disorders 

have been reported for patients with demyelinating diseases [237,238]. For instance, 

paroxysmal kinesigenic dyskinesia (PKD), the most common type of PxD, was found to be 

secondary to Multiple Sclerosis (MS), suggesting that impaired myelination may underlie 

the development of PxD episodes. In line with this, it has been postulated that PxD with 

a genetic origin is often the result of compromised synaptic function [239], whereas PxD 

episodes in SCAP mutant mice are more likely to be secondary to brain malformations [56]. 

Although the underlying mechanism of PxD episodes in SCAP mutants is not known, a 

causal relation between PxD and hypomyelination may exist. Second, our observations 

show that HFD and ED diets have distinct working mechanisms in improving brain function 

(summarized in Table 1). It suggests that specific lipid species enriched in HFD might 

contribute to the formation of myelin in SCAP mutants, whereas the composition of ED 

seems to be effective in improving synaptic function. However, based on our results, it is 

difficult to conclude which specific sterols, phospholipids or fatty acids are essential. It is 

known that both myelin and neuronal membranes each have a unique lipid composition, 

making it not surprising that certain lipids are considered important for synapse function, 

but less relevant for myelin formation, and vice versa. When it becomes clear which lipids 

are essential for proper synaptic function or myelination, it would be interesting to design 

a new lipid-enriched diet that could improve both impaired synaptic function and myelin 

synthesis, as there are diseases or conditions in which both are impaired, such as HD [240,241] 

and AD [68,242]. Taken together, lipid content and FA composition of supplemented diets 

may be used to selectively improve several processes within the diseased brain, such as 

myelination and synapse function. 
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Effect of astrocyte 

SCAP deletion

Effect of dietary supply on astrocyte

SCAP deletion

Control diet (CD)
High fat diet (HFD) 

Rich in cholesterol and SFA

Experimental diet (ED) 

Rich in cholesterol and FC

LTP   impaired – not sign. improved  rescued

Myelination   impaired  rescued  – no effect 

Motor control   PxD occur  PxD improved  PxD more severe 

Table 1. Effect of embryonic astrocyte SCAP deletion as well as dietary supply of high 
fat diet (HFD) or experimental diet (ED) to SCAP mutants. SCAP mutant mice on control diet 
(CD) had impaired hippocampal long-term potentiation (LTP), hypomyelination and experienced 
paroxysmal dyskinesia (PxD) episodes compared to control mice on CD. Intervention with HFD, 
enriched in cholesterol and saturated fatty acids (SFA), did not significantly improve LTP, but it 
rescued hypomyelination and reduced the severity of PxD episodes in SCAP mutants. ED, enriched in 
cholesterol and Fortasyn Connect (FC), rescued LTP, increased the severity of PxD episodes and did not 
affect the expression of myelin proteins in the brain of SCAP mutants. 
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Figure 2. Expression of myelin proteins in the brain of control and SCAP mutants after 

treatment with an experimental diet. (A) Representative immunoblots of myelin-associated 

glycoprotein (MAG), 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP), myelin basic protein (MBP) 

and protein levels (visualized by 2,2,2-trichloroethanol (TCE) staining) of total brain extracts of control 

(WT) and SCAP mutant mice (KO) on control diet (CD) or experimental diet (ED). (B) Quantification 

of the expression of myelin proteins MAG, CNP and MBP in the brain of WT and KO mice on CD or 

ED. Bars represent protein levels after correction for equal loading using in-gel protein stain (TCE) 

and subsequent normalization by setting WT-CD levels to 100%. Data are presented as mean ± SEM. 

***p<0.001, **p<0.01, Student’s t-test.

CONCLUSIONS AND PERSPECTIVES

In this thesis, I have shown that astrocyte lipids are essential for proper synapse formation 

and function: inactivation of astrocyte lipid metabolism during embryonic development 

impaired the synaptic vesicle cycle and therefore presynaptic function, whereas postnatal 

inactivation resulted in decreased pre- and postsynaptic terminal size. Interestingly, 

treatment with an experimental diet containing cholesterol and FC rescued the impaired 
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vesicle cycle and synaptic plasticity under conditions of compromised astrocyte lipid 

synthesis. This demonstrates the importance of lipids derived from astrocytes and diet 

in brain function, which might have important implications in the understanding and 

treatment of neurological disorders characterized by impaired brain lipid metabolism and 

synaptic dysfunction. As with many experimental observations, our finding that astrocyte 

lipids are involved in the presynaptic function raises more fundamental questions. How 

are lipids transported from astrocytes to neuronal synapses? Is astrocyte lipid synthesis 

regulated by neuronal secreted factors, such as glutamate? In vitro experiments using 

primary neuron-astrocyte co-cultures might provide answers to these questions. And in 

a broader perspective, our findings ask for investigation of astrocyte lipid metabolism in 

neurological disorders associated with impaired brain lipid homeostasis and synaptic 

dysfunction, such as AD, and for the design of new lipid-enriched diets that not only improve 

impaired synaptic function but also other brain processes that are highly dependent on 

brain lipid metabolism, like myelination.


