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ABSTRACT 

The brain is considered to be autonomous in lipid synthesis with astrocytes producing 

lipids far more efficiently than neurons. Accordingly, it is generally assumed that astrocyte-

derived lipids are taken up by neurons to support synapse formation and function. Initial 

confirmation of this assumption has been obtained in cell cultures, but whether astrocyte-

derived lipids support synapses in vivo is not known. Here, we address this issue and 

determined the role of astrocyte lipid metabolism in hippocampal synapse formation and 

function in vivo. Hippocampal protein expression for the sterol regulatory element-binding 

protein (SREBP) and its target gene fatty acid synthase (Fasn) was found in astrocytes but 

not in neurons. Diminishing SREBP activity in astrocytes using mice in which the SREBP 

cleavage-activating protein (SCAP) was deleted from GFAP-expressing cells resulted 

in decreased cholesterol and phospholipid secretion by astrocytes. Interestingly, SCAP 

mutant mice showed more immature synapses, lower presynaptic protein SNAP-25 levels 

as well as reduced numbers of synaptic vesicles, indicating impaired development of 

the presynaptic terminal. Accordingly, hippocampal short-term and long-term synaptic 

plasticity were defective in mutant mice. These findings establish a critical role for astrocyte 

lipid metabolism in presynaptic terminal development and function in vivo.
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INTRODUCTION

Lipids are vital components of neuronal membranes and influence brain function in 

many different ways [113,116]. Cholesterol and unsaturated fatty acids are enriched in the 

synaptic membrane, in which they are important determinants for a range of biochemical 

processes, e.g., membrane fluidity, vesicle formation and fusion, ion channel function and 

the formation of specialized microdomains that contribute to cellular communication 

[49,116]. Indeed, cholesterol is a major component of lipid rafts, and is proposed to be 

required presynaptically for synaptic vesicle formation [43], and postsynaptically for the 

clustering and stability of neurotransmitter receptors [49]. Consequently, perturbed lipid 

metabolism affects synaptic function [47,117,118], which becomes apparent in several 

neurological disorders, e.g., Niemann-Pick’s disease (NPC), Alzheimer’s disease (AD), 

Huntington’s disease (HD) and Smith-Lemli-Opitz syndrome [73,75,119–121]. Importantly, 

the brain is considered autonomous in lipid metabolism because of the blood-brain 

barrier that prevents lipids from entering the brain. Neurons themselves are inefficient in 

lipids synthesis and therefore rely on the uptake of lipids from the external environment 

[32–34]. In vitro studies have demonstrated that astrocytes synthesize and release lipids 

that are complexed to apolipoprotein E (ApoE)-containing lipoproteins [29,33–35,108]. 

These lipoproteins can be taken up by neurons and thereby contribute to the formation, 

maturation and maintenance of synapses in vitro [25,29,96,122,123]. Whereas these studies 

indicate a role for astrocyte-derived lipids in synapse development and function, in vivo 

evidence for this is lacking. Recently, we found that cholesterol and fatty acid synthesis 

in astrocytes relies on sterol regulatory element binding proteins (SREBPs) [56]. SREBPs, 

consisting of SREBP-1a, SREBP-1c, and SREBP-2, belong to the family of basic helix-loop-helix 

leucine zipper (bHLH-Zip) transcription factors that govern the transcriptional activation of 

genes involved in fatty acid and cholesterol metabolism [54,55,124]. SREBP transcription 

factors crucially rely on post-translational activation involving the sterol sensor SCAP. Here, 

we used astrocyte-restricted inactivation of SCAP-SREBP-mediated lipid biogenesis to 

determine the role of astrocyte lipid metabolism in synapse formation and function in the 

hippocampus. We found that astrocytes are the predominant SREBP pathway-expressing 

cell type in the hippocampus, and that deletion of SREBP activity in astrocytes resulted 

in impaired presynaptic terminal function and synaptic plasticity, possibly via a decrease 

in the presynaptic protein SNAP-25 levels and the number of synaptic vesicles. Together, 

our data establish that astrocyte lipid metabolism is critical for proper presynaptic terminal 

development and hippocampal function in vivo.
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MATERIALS AND METHODS

Animals

All experimental procedures were approved by the local animal research committee and 

complied with the European Council Directive (86/609/EEC). SCAP-floxed mice were 

obtained from the Jackson Laboratory and have been described previously [50]. Also, the 

hGFAP-Cre-IRES-LacZ transgenic mice have been described previously [125]. Both mouse 

lines were maintained on a C57Bl/6 background. In subsequent generations, we obtained 

mice with the genotype SCAPlox/lox, which are referred to as ‘SCAP mutants’. Littermates with 

genotypes SCAPlox/wt or SCAPwt/wt are referred to as controls [56]. Mice of both sexes were 

used at the age of 2.5-3.5 month-old, unless indicated otherwise. Mice were housed with 

littermates of the same gender in Macrolon cages on sawdust bedding, after weaning (three 

weeks after birth), for the purpose of animal welfare. Food (Harlan Teklad2016) and water 

were provided ad libitum. Housing was controlled for temperature, humidity and light-dark 

cycle (7 AM lights on, 7 PM lights off ).

Long-term plasticity measurements in hippocampal brain slices

Acute hippocampal coronal slices (400 μm thickness) were prepared from male SCAP 

mutant mice (n=15) or littermate controls (n=20). Slices were cut in ice-cold slicing artificial 

cerebrospinal fluid (ACSF) containing the following (in mM): 125 NaCl, 3 KCl, 1.25 NaH
2
PO

4
, 

26 NaHCO
3
, 10 glucose, 3 MgSO

4
, and 1 CaCl

2
 (300 mOsm), and carboxygenated with 

95%O
2
/5%CO

2
. Slices were allowed to recover for 1 h at room temperature (RT) in modified 

carboxygenated ACSF containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH
2
PO

4
, 26 NaHCO

3
, 10 

glucose, 1 MgSO
4
, 3 CaCl

2
, and 0.01 glycine (300 mOsm). Slices were superfused with 1-2 

mL/min carboxygenated ACSF at RT. Field excitatory post-synaptic potentials (fEPSPs) were 

induced by an extracellular stimulating electrode in the Schaffer collateral pathway, and 

were recorded with multiple electrodes in the dendritic layer of the CA1 neurons, using a 

planar 64-channel multi-electrode recording setup (MED64; Alpha MED Sciences). Based on 

the stimulus-response curve, a stimulation intensity was chosen that evoked a half-maximal 

fEPSP. After at least 10 min of stable baseline recording at 0.05 Hz, long-term potentiation 

(LTP) was induced by 1 sec stimulation at 100 Hz (tetanus stimulation) repeated 4 times 

with 30 sec interval. The fEPSPs were recorded for 1 h after the tetanus. The amount of LTP 

is quantified as the change in average amplitude of the fEPSP taken of the 40 to 50 min 

interval following LTP induction. 
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Short-term plasticity measurements

Horizontal hippocampal brain slices (300 μm thick) were prepared from male control (n=7) 

and SCAP mutant mice (n=6). Slices were left for 1 h to recover before recording. Slices 

were placed in a submerged recording chamber at 28-32 °C and were superfused with 

ACSF. Whole-cell patch clamp recordings were made from pyramidal cells in the CA1 region 

under visual guidance by infrared differential interference contrast microscopy. Patch 

pipettes (3-5 megaohms) were pulled from standard-wall borosilicate tubing. Patch pipettes 

were filled with intracellular solution containing the following: 129 mM cesium gluconate; 

1 mM CsCl; 10 mM HEPES; 4 mM K
2
-phosphocreatine; 10 mM tetraethylammonium; 4 mM 

ATP (magnesium salt); and 0.4 mM GTP (pH 7.2-7.3, pH adjusted to 7.3 with CsOH; 290-300 

mM mOsm). After the whole-cell configuration was established, the membrane potential 

was held at -70 mV, and the internal solution was allowed to diffuse for 5 min into the cell 

prior to the onset of recording. The low intracellular chloride concentration in the pipette 

allowed a separation of excitatory and inhibitory synaptic events. Experiments in which 

inhibitory events occurred too close to the EPSCs measured were excluded from analysis.

Schaffer collateral fibers were stimulated using an extracellular electrode positioned in 

the stratum radiatum on the CA3 side. A stimulation intensity was used that evoked half-

maximal EPSC amplitudes. Paired-pulse synaptic plasticity was induced by two pulses with a 

range of frequencies (2-50 Hz). For each frequency, the paired-pulse protocol was repeated 

20 times, with a 15-s delay between each sweep. Sweeps at each frequency were measured 

in random order, allowing time-dependent changes in the responses to be identified. 

To assess significance, analysis of variance with repeated measures was used (for within 

subjects effect test, Huynh-Feldt was used after Mauchly’s test for sphericity) as well as post 

hoc unpaired Student’s t-test. Values ± 2 SD were removed from analysis.

Golgi-Cox staining 

Mice (n=3 per genotype) were anesthetized with avertine and subjected to transcardiac 

perfusion with 0.1 M phosphate buffered saline (PBS) followed by 4% paraformaldehyde 

(PFA) in 0.1 M PBS. For spine analyses, Golgi staining was conducted using the FD Rapid 

Golgi Stain Kit (FD Neurotechnologies), according to the manufacturers guidelines. Brains 

were cryostat-sectioned at 100 μm. Neurons were imaged using a Carl Zeiss LSM 510 meta 

scanner at 63x magnification. Z-stacks were generated with Carl Zeiss LSM Image Browser 

4.2 software. Z-stacks were analysed with ImageJ 1.47f software (NIH) for spine counting 

and spine head diameter. Spines were examined on dendrites of CA1 pyramidal neurons. 

3-5 dendritic segments, each at least 10 μm in length, were analysed per neuron (ctrl: n=31, 

mutant: n=24). Only spine heads that clearly protruded laterally from the dendritic shafts 

were counted. Spine density was calculated as number of spines per 10 μm dendrite. Spine 

head diameter (of 17 neurons per genotype) was measured at the tip of the spine where 
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the diameter was the largest [126,127]. 

Electron microscopy 

Excitatory synapses (n=30 per animal) of the hippocampal CA1 region of SCAP mutant mice 

(n=3) were compared to controls (n=3). Animals under deep anaesthesia were subjected to 

transcardiac perfusion with 0.1 M PBS (pH 7.4) followed by freshly prepared cold PFA fixative 

(4% PFA, 2% glutaraldehyde in 0.1 M PBS, pH 7.4). Brains were removed and hippocampal 

sagittal sections of 50 μm were postfixed in 1% OsO
4 
and stained with 1% ruthenium. After 

embedding in Epon, ultra-thin sections (~90 nm) containing the stratum radiatum were 

subsequently cut, collected on 400 mesh copper grids and stained with 1% uranyl acetate 

and lead citrate.

Digital images of asymmetric glutamatergic synapses were taken at 100,000 magnification 

using a Jeol 1010 (Peabody, MA) electron microscope. Only synapses with clear post- and 

presynaptic properties were selected for analysis. For each condition, docked vesicles, 

undocked vesicles, postsynaptic density and active zone length (nm), and vesicle cluster 

surface (nm2) were measured as described previously [128], and depicted in Figure S1. 

Vesicles were characterized as docked when no separation was detectable between 

the vesicle membrane and the active zone. Cluster size is defined as the area within the 

presynaptic terminal that contains synaptic vesicles, both docked and undocked. Analysis 

was carried out blind to genotype.

Immunohistochemistry

Animals (n=3 per genotype) were perfused transcardially with 0.1 M PBS followed by 4% 

PFA in 0.1 M PBS. Brains were removed, postfixed overnight at 4 °C and cryoprotected with 

30% sucrose in 0.1 M PBS for 4 days at 4 °C. Brains were rapidly frozen in powdered dry ice 

and sliced into 40 μm-thick sagittal sections on a cryostat. Free-floating sections containing 

the hippocampus were washed three times with 0.1 M PBS and blocked by incubation with 

blocking solution (0.2% triton and 2.5% bovine serum albumin in 0.1 M PBS) for 1 h followed 

by overnight incubation with primary antibodies in blocking solution at 4 °C. The sections 

were rinsed four times in 0.1 M PBS and incubated in blocking solution containing the 

appropriate secondary antibody for 2 h. Sections were rinsed four times with 0.1 M PBS and 

subsequently mounted in Vectashield mounting medium including DAPI as a nuclear dye 

(Vector Laboratories) on glass slides. The following primary antibodies were used: mouse 

anti-GFAP (1:1.000, Sigma) and rabbit anti-FASN (1:1.000, Abcam). Secondary antibodies 

were Alexa fluor 568-conjugated goat anti-mouse and Alexa fluor 488-conjugated goat 

anti-rabbit.
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Hippocampal synaptosome preparation 

Hippocampal synaptosomes were isolated from control and SCAP mutant mice (n=6 

per genotype) as described previously [129,130]. In brief, two hippocampi were pooled 

and homogenized in ice-cold homogenization buffer (0.32 M sucrose and 5 mM HEPES 

at pH 7.4) and centrifuged at 1000 × g for 10 min. Supernatant was loaded on top of a 

discontinuous sucrose gradient consisting of 0.85 M and 1.2 M sucrose. After centrifugation 

for 2 h at 110,000 × g, the synaptosomal fraction at the interface of 0.85 M and 1.2 M sucrose 

was collected, rediluted in homogenisation buffer and the synaptosome fraction was 

resuspended in 150 μL of 5 mM HEPES (pH 7.4) after centrifugation. Protein concentrations 

were determined using a Bradford assay (Bio-Rad). The obtained synaptosomes were used 

for immunoblotting analysis.

Primary cell culture

Hippocampal astrocytes were collected from SCAP mutant mice or littermate controls (P1; 

n=4 per genotype). Genotyping was done on tails of the pups (at P1). Hippocampi were 

dissected, cleared of meninges and collected in ice-cold Hanks Buffered Salt Solution (HBSS; 

Sigma-Aldrich) buffered with 7 mM HEPES (pH 7.4; Invitrogen). The tissue was mechanically 

fragmented and incubated in HBSS, HEPES and 0.25% trypsin (Invitrogen) at 37 °C for 30 

min. The trypsinization was quenched by adding Dulbecco’s modified Eagle’s medium 

(DMEM) + GlutaMAX (Gibco) supplemented with MEM non-essential amino acids solution 

(Sigma), 1% Pen/Strep (Invitrogen) and 10% fetal bovine serum (FBS; Gibco) and tissue was 

centrifuged at 1200 rpm for 10 min. The pellet was resuspended and cells were plated in 

poly-L-lysine (Gibco) coated T25 flasks (2 hippocampi from 1 pup per flask) for 7 days in 

DMEM supplemented with 10% FBS, and medium was changed every 2 days After reaching 

confluence, cells were washed three times with PBS (pH 7.4; Invitrogen) and serum-free 

medium was added (neurobasal medium (Gibco) supplemented with N2 (Gibco)). Astrocyte-

conditioned medium (ACM) was harvested after 3 days of conditioning and analysed using 

mass spectrometry. Subsequently, astrocytes were prepared for immunoblotting. 

Hippocampal neurons were collected from SCAP mutant mice or littermate controls (E18). 

Genotyping was done on tails of the embryos (at E18). Hippocampi were incubated in 

HBSS with HEPES and 0.25% trypsin at 37 °C for 30 min. Tissue was washed twice with 

HBSS and HEPES to remove trypsin. Subsequently, cells were dissociated by repeated 

trituration through a fire-polished Pasteur pipet, counted and plated in Neurobasal 

medium supplemented with B-27 (Gibco), 1.8% HEPES, 5mM glutamax (Invitrogen) and 

0.1% Pen/Strep. Cells were plated in 24-wells plates (Greiner) that were pretreated with 

a mixture of poly-D-lysine (Sigma-Aldrich) and laminin (Sigma-Aldrich) overnight at 4 °C. 

Subsequently, wells were washed and incubated with 5% horse serum (Gibco) for 2 h at 37 

°C. Neurons from one animal were seeded in 4 wells at a density of 125K/well and cultures 
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were maintained in 37 °C/5% CO
2
 for 14 days. Half of the medium was replaced at 2 and 9 

days after plating. 

Mass spectrometry analysis of astrocyte-conditioned medium

Lipids were isolated from three-day astrocyte-conditioned medium (ACM) by lipid extraction 

as described previously [52]. Neutral lipids were analyzed by reverse phase HPLC-tandem 

mass spectroscopy on a Sciex 4000 Q-trap mass spectrometer (Sciex, Framingham, MA, USA), 

equipped with an atmospheric pressure chemical ionization source. Intact phospholipids 

were analyzed by HILIC chromatography and mass spectrometry as described previously 

[131]. Levels of detected lipids in ACM were normalized to total protein content.

Immunoblotting

Immunoblotting of cultured cells 

Primary cultures of astrocytes and neurons were briefly washed with ice-cold PBS and 

harvested in SDS loading buffer and boiled for 5 min. Equal amounts of protein were 

loaded on SDS-PAGE in a Mini-Protean electrophoresis system (Bio-Rad Laboratories) 

and electroblotted overnight onto polyvinylidene difluoride membranes (PVDF, Bio-rad). 

Membranes were probed with SREBP1 primary antibody (gift from H. Shimano, University 

of Tsukuba, Tsukuba, Japan), followed by incubation with alkaline phosphatase-conjugated 

goat anti-rabbit secondary antibody (Dako, 1:10.000), followed by ECF detection (GE 

Healthcare). Membranes were scanned with the FLA instrument (Fujifilm) and protein 

expression was quantified using Quantity One software (Bio-Rad). To correct for input 

differences, the ECF signal was normalized to the total protein amount from each sample 

detected by 2,2,2-trichloroethanol (TCE) staining of the gel [132].

Immunoblotting of synaptosomes 

Five microgram per synaptosome sample were dissolved in SDS loading buffer and heated 

to 90 °C for 5 min. Proteins were separated on a SDS-polyacrylamide gel and electroblotted 

onto a PVDF membrane overnight at 40 V. Membranes were incubated with primary 

antibodies against postsynaptic proteins PSD-95 (Neuromab, 1:20.000), GluN1 (Neuromab, 

1:1.000), GluN2A (Epitomics, 1:5.000), GluA1 (Abcam, 1:50.000), GluA2 (Neuromab, 1:2.000), 

mGluR2 (Abcam, 1:2.000) and presynaptic proteins Munc18 (1:1000, gift from M. Verhage, 

VU University Amsterdam, The Netherlands), synaptotagmin (Hybrodoma, 1:1.000), 

synaptophysin (Genscript, 1:1.000), syntaxin (Genscript, 1:500), synaptobrevin (SySy, 1:5.000), 

SNAP-25 (Sternberger, 1:10.000). Subsequently, the membranes were incubated with 

alkaline phosphatase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody 

(Dako, 1:10.000). Immunodetection was performed using enhanced chemiluminescence 
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femto (Thermo Scientific) according to the manufacturer’s instructions. To correct for 

input differences, the ECF signal was normalized to the total protein amount from each 

sample detected by 2,2,2-trichloroethanol (TCE) staining of the gel [132]. Values ± 2 SD were 

removed from analysis.

Statistical analysis

Statistical differences between SCAP mutant and control mice were analyzed using Student’s 

t-test, unless otherwise indicated in the legends. Statistical numeric data are provided in the 

text (Results). Data are presented as mean ± SEM.

RESULTS

GFAP-SCAP astrocytes are impaired in lipid synthesis and secretion

To determine the role of astrocyte-derived extracellular lipids in synapse formation and 

function, we first measured SREBP expression in neurons and astrocytes isolated from 

mutant GFAP-SCAP mice and littermate controls. This GFAP-Cre transgenic mouse line has 

been described to predominantly target Cre-mediated recombination in the majority of 

astrocytes [125], and is notably very different from the extensively characterized hGFAP-Cre 

mouse that is used to target radial glia [133,134]. Western blotting detected strong SREBP1 

expression in control astrocytes, whereas no SREBP1 protein was detected in control neurons 

(Figure 1A). These findings are in line with previous studies showing that the level of lipid 

synthesis in hippocampal neurons is very low when compared to astrocytes [33,34,135]. 

SREBP levels in astrocytes were strongly decreased in SCAP mutants when compared to 

controls (Figure 1A). 

In line with these measurements in vitro, hippocampal astrocytes, unlike neurons in the 

stratum pyramidale, express fatty acid synthase (FASN), a SREBP target gene (Figure 2). 

Astrocyte expression of FASN was high during early postnatal development (P14, Figure 

2A-C), at lower levels in adults (P90, Figure 2G-I), and strongly reduced in SCAP mutants 

(Figure 2D-F, J-L). These data extend our previous transcriptional data [56] and show that 

also protein levels of SREBPs and their targets genes are strongly reduced in SCAP mutant 

astrocytes. Next, we determined whether lipid secretion by astrocytes is hampered by SCAP 

deletion. Mass spectrometry analysis of all lipids in astrocyte-conditioned medium (ACM) 

revealed that astrocytes secreted cholesterol, phosphatidylcholine (PC) and sphingomyelin 

(SM; Figure 1B), while other phospholipids, such as phosphatidyl-ethanolamine (PE) or 

-inositol (PI) or -serine (PS) were present at trace levels only and contributed less than 

1% to the total phospholipid content of the medium. SCAP mutant astrocytes secreted 

significantly less cholesterol (ctrl: 18.25 ± 1.82 nmol/mL, n=4; mt: 5.89 ± 2.12 nmol/mL, n=4; 

t(6)=4.42, p=0.004) and PC (ctrl: 28.65 ± 1.90 nmol/mL, n=4; mt: 8.93 ± 2.65 nmol/mL, n=4; 
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t(6)=6.05, p=0.001), while secreted SM levels were unchanged (Figure 1B; ctrl: 28.91 ± 2.85 

nmol/mL, n=4; mt: 25.11 ± 6.89 nmol/mL, n=4; t(6)=0.51, p=0.63). The latter is in line with 

SREBPs not being a transcriptional regulator of the sphingolipid synthetic enzyme [136]. 

Because cholesterol and PC are the main lipid components carried by lipoproteins, and 

form the major lipid efflux machinery of astrocytes [137], SCAP deletion in astrocytes results 

in a major impairment of the synthesis and secretion of lipids. 
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Figure 1. SCAP gene deletion in astrocytes downregulates SREBP1 and lipid secretion. (A) 

Protein levels of precursor SREBP1 in primary cultures of neurons and astrocytes isolated from SCAP 

mutants (mt) and control (ctrl) littermates. Lower panel, in-gel protein stain to control for amount of 

protein loaded. (B) Quantification of lipids secreted by either ctrl or mt astrocytes cultured in serum-

free medium (n=4 independent cultures from different animals), corrected for equal protein loading. 

ACM, astrocyte conditioned medium; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, 

phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin. Data are presented as mean ± SEM. 

**p<0.01, using Student’s t-test.

Astrocyte SCAP deletion causes impaired hippocampal spine maturation in vivo

The hippocampus of SCAP mutant mice is modestly reduced in total area, although without 

obvious morphological changes in specific layers or regions, and without obvious changes 

in cell numbers and morphology for neurons and astrocytes [56]. To examine whether SCAP 

mutant mice show changes in synapse number and morphology, Golgi-Cox analysis was 

performed on spines in the CA1 region of the hippocampus (Figure 3A). Hippocampal 

pyramidal neurons in SCAP mutant mice were found to exhibit a higher synapse density 

compared to controls (Figure 3B; ctrl: 10.74 ± 0.20 spines/10 μm dendrite, n=31; mt: 11.69 

± 0.32 spines/10 μm dendrite, n=24; t(53)=-2.62, p=0.012). Spine head diameter in SCAP 

mutants was smaller (Figure 3C; ctrl: 0.37 ± 0.005 μm, n=17; mt: 0.30 ± 0.006 μm, n=17; 

t(32)=8.24, p=0.000, Figure 3D), indicating that SCAP deletion in astrocytes leads to impaired 

hippocampal spine maturation, resulting in a high number of synapses that are immature.
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Figure 2. Fatty acid synthase is expressed in astrocytes in the hippocampal region CA1, 

whereas expression is impaired in SCAP mutants. Expression of fatty acid synthase (FASN, in 

green) in astrocytes (GFAP, in red) of control (A-C) or SCAP mutant mice (D-F) at P14, or of control 

(G-I) or SCAP mutant mice (J-L) at P90. Arrowheads and asterisks denote astrocytes respectively with 

or without FASN expression. Neurons in the stratum pyramidale (Py) show no FASN expression. Rad, 

stratum radiatum. (M) Density of FASN-positive astrocytes (GFAP+FASN+) in control (ctrl) and mutant 

(mt) mice at P14 and P90. The values were normalized to P14 ctrl levels, which were set at 100%.  Data 

are presented as mean ± SEM. **p < 0.01, using Student’s t-test.

Astrocyte SCAP deletion causes changes in hippocampal synaptic protein expression

Next, we analyzed synaptic protein expression in hippocampal synaptosomes. No changes 

were found in the levels of postsynaptic proteins PSD-95 between control and SCAP 

mutant mice (n=6, Figure 4A-B and Figure S1). Furthermore, no difference in protein levels 

of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits (GluA1 

and GluA2), N-Methyl-D-aspartic acid (NMDA) receptor subunits (GluN1 and GluN2A) or 
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metabotropic glutamate receptor 2 (mGluR2) was found (Figure 4A-B and Figure S1). Thus, 

postsynaptic protein levels in the hippocampus of SCAP mutants appeared normal. 
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Figure 3. SCAP gene deletion yields immature spines on hippocampal CA1 pyramidal neurons. 

(A) Representative images of dendritic segments of hippocampal CA1 pyramidal neurons of control 

(ctrl) and SCAP mutant (mt) mice. (B) Mean spine density of ctrl and mt animals, i.e. the number of 

spines per 10 μm dendritic segment. N=31 ctrl, n=24 mt cells. (C) Mean spine head diameter of ctrl 

and mt animals. N=17 cells per genotype. (D) Frequency distribution of spine head diameter. *p<0.05, 

***p<0.001, using Student’s t-test. 

In contrast, analysis of presynaptic proteins revealed a significantly decreased level of 

synaptosomal-associated protein 25 (SNAP-25; ctrl: 100 ± 5.95, n=6; mt: 82.21 ± 2.21, 

n=6; t(8)=2.80, p=0.023) in SCAP whereas no significant changes were found for vesicular 

protein synaptotagmin (Syt), munc18 (M18), syntaxin-1A (Stx1a), synaptophysin (Syp) and 

synaptobrevin2 (VAMP2) (Figure 4C-D and Figure S2). Together, these results show that 

SCAP mutants have a specific reduction in the hippocampal presynaptic protein SNAP-25.

Astrocyte SCAP deletion decreases the number of presynaptic docked vesicles

To examine whether dysregulation of presynaptic protein expression is correlated with 

subcellular changes of synapses, we performed ultrastructural analysis of excitatory/ 

asymmetric synapses in the hippocampal region CA1 using electron microscopy (Figure 

5A-D). Postsynaptic density (PSD) length was found unaffected (Figure 5B; ctrl: 308.64 ± 

9.02 μm, n=90; mt: 307.52 ± 10.03 μm, n=90; t(178)=0.08, p=0.934), in line with our finding 

that SCAP mutants have normal PSD-95 protein levels in hippocampal synapses (Figure 4). 

Similarly, no difference in the size of the active zone (AZ) of the presynaptic terminal was 

found (Figure 5B; ctrl: 285.08 ± 8.07 μm, n=90; mt: 303.06 ± 10.39 μm, n=90; t(178)=-1.37, 
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p=0.173). However, quantitative analysis of synaptic vesicles revealed a significant decrease 

in the number of docked vesicles (Figure 5C; ctrl: 3 .89 ± 0.14, n=90; mt: 3.19 ± 0.17, n=90; 

t(178)=3.10, p=0.002). Additionally, a trend was found towards a decrease in the number of 

undocked vesicles (Figure 5C; ctrl: 55.39 ± 2.88, n=90; mt: 48.11 ± 2.44, n=90; t(178)=1.93, 

p=0.056). Accordingly, the total number of vesicles (ctrl: 59.28 ± 2.92, n=90; mt: 51.30 ± 2.50, 

n=90; t(178)=2.08, p=0.039) and the size of the vesicle cluster (ctrl: 0.144 ± 0.007 μm2, n=90; 

mt: 0.121 ± 0.006 μm2, n=90; t(178)=2.39, p=0.018) for mutant animals were significantly 

reduced (Figure 5C, E), as well as the number of docked vesicles per AZ length (Figure 5D; 

ctrl: 100 ± 3.54, n=90; mt: 75.42 ± 3.37, n=90; t(178)=5.03, p=0.000). Taken together, these 

data show that synapses of SCAP mutant mice have a compromised presynaptic terminal. 
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Figure 4. SNAP-25 levels are reduced in hippocampal synaptosomes of SCAP mutant animals. 

(A, C) Representative blots of postsynaptic (A) and presynaptic (C) synaptic proteins detected in 

hippocampal synaptosomes using immuno-blotting. See Figure S1 and S2 for complete blots and for 

in-gel protein stain used to correct for equal protein loading. (B) Quantification of PSD-95 protein and 

glutamate receptors of control (ctrl) and SCAP mutant animals (mt) (n=6 each). Bars represent protein 

levels after correction for equal loading using in-gel protein stain and subsequent normalization by 

setting ctrl levels at 100%. (D) Quantification of presynaptic proteins of ctrl and mt animals (n=6 

each). To identify changes of presynaptic protein levels compared to postsynaptic protein levels, 

the presynaptic protein levels were corrected for PSD-95 level for each animal separately and 

subsequently normalized to ctrl levels by setting it to 100%. Syt, synaptotagmin; M18, munc18; Stx1a, 

syntaxin1a; syp, synaptophysin; VAMP2, vesicle-associated membrane protein 2 (synaptobrevin 2); 

SNAP-25, synaptosomal-associated protein 25. Data are presented as mean ± SEM. *p<0.05, using 

Student’s t-test.
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Figure 5. CA1 asymmetric (excitatory) synapses in the stratum radiatum of SCAP mutant mice 

exhibit fewer vesicles. (A) Example of electron micrographs from asymmetric synapses of control 

(ctrl; n=3) and SCAP mutant (mt; n=3) animals. Scale bar equals 200 nm. See Figure S1 for explanation 

of quantified parameters. (B) Size of postsynaptic density and presynaptic active zone length of 

asymmetric synapses in ctrl and mt. (C) The number of docked vesicles (vesicles in direct contact  

with the active zone), undocked and total vesicles in ctrl and mt. (D) Number of docked vesicles per 

length of active zone (AZ; left) and number of docked vesicles to total number of vesicles (right) in ctrl 

and mt. Values are normalized to ctrl levels in which the ctrl levels are set to 100%. (E) Size of vesicle 

cluster in μm2. Data are presented as mean of synapses per genotype (n=90) ± SEM. *p<0.05, **p<0.01, 

***p<0.001, #p=0.056, using Student’s t-test.
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Figure 6. SCAP mutants have impaired short-term plasticity (paired-pulse facilitation) in the 

CA1 region of the hippocampus. (A) Representative EPSP trace of control (ctrl) and SCAP mutant 

(mt) pyramidal cells in hippocampal slices at 100 ms inter-stimulus interval (ISI). (B) Normalized 

amplitudes of pulse 2 over 1 (first signal is normalized to 1). Each pair of points (connected by gray 

lines) shows the averaged first and second EPSCs from individual experiments (mean of 20 stimulus 

trains). Points connected by a thick black line show the genotype averages. (C) Plot of PPR measured 

at different ISI (20-200 ms). Ratio between second and first signal is plotted against the ISI. Each point 

shows the mean of n=13-18 measurements per ISI (each ISI consisting of 20 stimulus trains) ± SEM, 

*p<0.05, **p<0.01, using repeated measures ANOVA.

Short-term plasticity is affected in SCAP mutants

Our biochemical and ultrastructural studies show that in particular presynaptic terminals 

of SCAP mutants are affected. To assess whether also presynaptic function is compromised, 

short-term synaptic plasticity was measured in the Schaffer collaterals of the hippocampus. 

Paired-pulse facilitation or depression has been associated with presynaptic release 

properties [138] and change in presynaptic function can result in altered paired-pulse 

facilitation or depression. Paired-pulse facilitation (PPF) of excitatory synaptic transmission 

was observed in control mice at inter-stimulus intervals (ISI) 20-200 ms. Interestingly, PPF 

was significantly lower in SCAP mutant mice compared to control at ISI 20 ms (Figure 6C; 

ctrl: 1.36 ± 0.09, n=15; mt: 1.09 ± 0.07, n=12; t(25)=2.29, p=0.031), 50 ms (Figure 6C; ctrl: 1.20 

± 0.06, n=17; mt: 1.00 ± 0.07, n=12; t(27)=2.19, p=0.037) and 100 ms (Figure 6A-C; ctrl: 1.13 

± 0.05, n=18; mt: 0.92 ± 0.04, n=15; t(31)=3.26, p=0.003). These results show that short-term 

plasticity of hippocampal synapses in SCAP mutants is compromised and this most likely 

results from altered presynaptic release properties. 

SCAP mutants have reduced hippocampal long-term synaptic plasticity

To determine whether SCAP mutants have affected hippocampal long-term synaptic 

plasticity, we measured long-term potentiation (LTP) in CA1, resulting from local field 

excitatory post-synaptic potentials (fEPSPs) at Schaffer collaterals from CA3 to CA1. Tetanic 

stimulation resulted in a potentiated synaptic response in controls, which was strongly 

impaired in SCAP mutants (Figure 7A-B; ctrl: 126.01 ± 4.43, n=20; mt: 106.07 ± 3.89, n=15; 

t(33)=3.25, p=0.003), showing that long-term synaptic plasticity is strongly affected at 

hippocampal synapses of SCAP mutant mice.
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Figure 7. Hippocampal long term synaptic plasticity (LTP) is impaired in SCAP mutants. (A) 

Upper panel: representative example of recorded potentials in hippocampal slices of control (ctrl) and 

mutant (mt) mice immediately after stimulation (grey line) and 20 minutes after stimulation (black 

line). Lower panel: representative example of LTP in a hippocampal slice of a control (open rounds) 

and a SCAP mutant mouse (filled rounds). (B) Histogram showing the average amplitude of fEPSP at 

40-50 min after LTP induction recorded in slices of controls (white bar, n=15 slices) and mutants (black 

bar, n=18 slices). Data are presented as mean ± SEM. **p<0.01, using Student’s t-test.

DISCUSSION

In this study we found that deletion of SREBP activity in astrocytes resulted in impaired 

presynaptic terminal function and synaptic plasticity, possibly via a decrease in the 

presynaptic protein SNAP-25 levels and the number of synaptic vesicles. Our data establish 

that astrocyte lipid metabolism is critical for proper presynaptic terminal development and 

hippocampal function in vivo, which may have important implications for the understanding 

and treatment of neurological disorders that are associated with compromised brain lipid 

metabolism.

Astrocyte SCAP deletion reduces cholesterol and phosphatidylcholine 

secretion 

Since neurons are much less active in lipid synthesis than astrocytes [33,34,135], they rely 

on lipids from external sources which are presumably internalized by lipoprotein receptors 

located on the neuronal cell surface [139,140]. In line with this, we could not detect SREBP 

protein and FASN protein (transcriptionally regulated by SREBP) in hippocampal neurons, 

in contrast to astrocytes. In addition, astrocytes were highly active in the secretion of 

specifically cholesterol and PC, both cargo of lipoproteins [137]. Moreover, we extend our 

previous observations on GFAP-SCAP astrocytes [56] and show that synthesis and secretion 

of lipids is impaired in astrocytes derived from GFAP-SCAP mutants. Taken together, this 

indicates that in GFAP-SCAP mice astrocyte lipid synthesis is highly compromised. 
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SCAP mutants have compromised synapse structure

We show that astrocyte lipogenic gene expression is high during early postnatal life (P14) 

whereas being low in adults (P90), which coincides with the period of synaptogenesis that 

peaks in the second postnatal week [141]. We found that compromised astrocyte lipid 

synthesis in SCAP mutants resulted in an increase in the number of synapses and smaller 

spine head diameters in the CA1 region of, the hippocampus, indicating a larger number of 

more immature synapses [142–145]. The observations on SCAP mutant mice are therefore 

in terms with in vitro studies that report stimulation of synaptogenesis by addition of 

extracellular cholesterol [25,29,56,96,122]. Our studies are the first to show that astrocyte 

lipid metabolism is critical for proper synapse development in vivo. 

SCAP mutants have affected vesicle populations at the presynapse

Hippocampal presynaptic terminals in SCAP mutants had a reduced number of synaptic 

vesicles that are ready for release, as well as a reduction in the total vesicle pool, therefore 

resulting in a smaller vesicle cluster size. This data and the observed impairment in synapse 

maturation in SCAP mutants, is consistent with published findings that immature synapses 

contain fewer synaptic vesicles [146]. Interestingly, also abnormal presynaptic protein 

expression was observed; significantly reduced SNAP-25 levels were found. SNAP-25 is a 

constituent of SNARE complexes and implicated in vesicle fusion [147–151]. Our finding that 

synapses of SCAP mutants contain reduced levels of the presynaptic protein SNAP-25 that 

is implicated in vesicle fusion is consistent with the observed reduced number of docked 

vesicles at the active zone. In contrast to the presynapse, we did not find any changes in 

postsynaptic protein level and ultrastructure in the hippocampus in SCAP mutants.

SCAP mutants have affected presynaptic function

In line with the observed abnormal proteins levels for SNAP-25 and vesicles number in 

presynaptic terminals, SCAP mutants were found impaired in paired-pulse facilitation (PPF), 

suggesting that fewer synaptic vesicles were released in the presynaptic terminal leading to 

decreased neurotransmitter release. Our in vivo findings confirm the previously published 

in vitro studies that showed that cholesterol increased quantal content and enhanced 

synaptic efficacy [23,25,29,64]. Additionally, we show that astrocyte SCAP mutants have 

decreased LTP amplitude in the hippocampus. The observation that SCAP mutants have 

reduced number of synaptic vesicles in presynaptic terminals and impaired PPF, whereas 

no changes in postsynaptic terminal structure and protein levels were found, indicates the 

presynaptic abnormalities may underlie the impaired LTP, a mechanism previously reported 

[152]. 
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Presynaptic terminals undergo extensive membrane remodelling during synaptic vesicle 

exo- and endocytosis, and several studies emphasized the role of lipids in this [153]. The 

amount of cholesterol, as well as the length and saturation level of fatty acids, are important 

for the shape and flexibility of lipids, and thereby determine synaptic membrane thickness, 

curvature and fluidity [45,46]. Accordingly, the synaptic vesicle cycle is sensitive to changes 

in lipid composition, e.g., cholesterol binds synaptophysin, thereby affecting membrane 

curvature [43]. Cholesterol also increases synaptophysin binding to synaptobrevin leading 

to improved synaptic efficiency [154,155]. However, lowering of cholesterol levels has been 

shown to lead to a smaller vesicle pool [40,45] and impairs vesicle exocytosis through 

dispersion of clusters of plasma membrane-associated SNARE proteins, like SNAP-25 [42] 

for which we observed lower protein levels in synaptosomes. Palmitoylation appears to be 

the major targeting signal for SNAP-25 to associate with detergent resistant, cholesterol-

enriched microdomains [156]. Remarkably, SNAP-25 is one of the synaptic proteins with the 

highest metabolic turnover rate [157], and alterations in SNAP-25 levels have been shown 

to cause impaired short-term synaptic plasticity [158] and suggested to be implicated in 

paroxysmal dyskinesia [159,160]. Strikingly, these phenotypes are also observed for GFAP-

SCAP mice (see Figure 6 and [56]). How impaired astrocyte lipid metabolism underlies 

the observed reductions in SNAP-25 protein levels and presynaptic vesicle numbers in 

SCAP mutants remains to be determined. Taken together, these findings emphasize the 

importance of cholesterol and fatty acids in the synaptic vesicle cycle, and suggests that 

defective lipid supply by astrocytes of SCAP mutant mice is causal to the synaptic vesicle 

cycle leading to impaired presynaptic terminal development and function.

Implications for neurological disorders associated with defective astrocyte 

lipid metabolism

Several lipid metabolism disorders that are associated with synaptic dysfunction were 

found to have a compromised astrocyte metabolism. For instance, in Huntington’s disease 

(HD), mutant huntingtin protein in astrocytes decreases SREBP maturation, leading to 

impaired cholesterol biosynthesis and secretion thereby affecting synapse numbers and 

activity [73,74]. In addition, in the neurodegenerative disease Niemann-Pick disease type C 

(NPC), mutations in the NPC1 gene lead to impaired cholesterol transport in astrocytes [75], 

which may contribute to the impaired synaptic transmission [77]. Finally, the lipid carrier 

ApoE4, which is strongly expressed by astrocytes, is one of the most prevalent risk factors 

for Alzheimer’s disease (AD) [69,70], and deletion of ApoE4 in mice causes reduced levels of 

cholesterol and its precursors in the hippocampus, which may contribute to the functional 

synaptic deficits found in AD [161,162].
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In summary, we found that a SCAP mutation in astrocytes resulted in impaired presynaptic 

terminal structure and function, possibly due to a reduced number of docked vesicles 

accompanied with small changes in presynaptic protein SNAP-25 expression. This study 

demonstrates an important role for astrocyte SCAP in brain lipid metabolism. Moreover it 

demonstrates the required contribution of lipid supply to adequate synaptic function in 

vivo, which improves our understanding of neurological disorders in which synaptic deficits 

have been associated with compromised brain lipid metabolism, such as in NPC, AD and 

HD.
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SUPPLEMENTARY FIGURES

Figure S1. Parameters used for ultrastructural analysis of the glutamatergic synapses using 

electron microscopy. Example of electron micrograph from asymmetric synapses of a control 

animal. Shown are the synaptic parameters quantified and provided in Figure 5. PSD: postsynaptic 

density, AZ: presynaptic active zone, DV: docked vesicles, TV: total vesicles.
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Figure S2. Complete immunoblots against postsynaptic synaptic proteins, and in-gel protein 

stain for correction of protein loading. Quantification of protein expression is shown in Figure 4B.
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Figure S3. Complete immunoblots against presynaptic synaptic proteins, and in-gel protein 

stain for correction of protein loading. Quantification of protein expression is shown in Figure 4D.


