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Cytochrome P450 46A1 encoded by CYP46A1 catalyzes cholesterol 24-hydroxylation and is a CNS-specific enzyme that controls

cholesterol removal and turnover in the brain. Accumulating data suggest that increases in cytochrome P450 46A1 activity in

mouse models of common neurodegenerative diseases affect various, apparently unlinked biological processes and pathways. Yet,

the underlying reason for these multiple enzyme activity effects is currently unknown. Herein, we tested the hypothesis that

cytochrome P450 46A1-mediated sterol flux alters physico-chemical properties of the plasma membranes and thereby membrane-

dependent events. We used 9-month-old 5XFAD mice (an Alzheimer’s disease model) treated for 6 months with the anti-HIV drug

efavirenz. These animals have previously been shown to have improved behavioural performance, increased cytochrome P450

46A1 activity in the brain, and increased sterol flux through the plasma membranes. We further examined 9-month-old

Cyp46a1�/� mice, which have previously been observed to have cognitive deficits and decreased sterol flux through brain mem-

branes. Synaptosomal fractions from the brain of efavirenz-treated 5XFAD mice had essentially unchanged cholesterol levels as

compared to control 5XFAD mice. However with efavirenz treatment in these mice, there were changes in the membrane properties

(increased cholesterol accessibility, ordering, osmotic resistance and thickness) as well as total glutamate content and ability to re-

lease glutamate in response to mild stimulation. Similarly, the cholesterol content in synaptosomal fractions from the brain of

Cyp46a1�/� mice was essentially the same as in wild-type mice but knockout of Cyp46a1 was associated with changes in mem-

brane properties and glutamate content and its exocytotic release. Changes in Cyp46a1�/� mice were in the opposite direction to

those observed in efavirenz-treated versus control 5XFAD mice. Incubation of synaptosomal fractions with the inhibitors of glyco-

gen synthase kinase 3, cyclin-dependent kinase 5, protein phosphatase 1/2 A, and protein phosphatase 2B revealed that increased

sterol flux in efavirenz-treated versus control 5XFAD mice affected the ability of all four enzymes to modulate glutamate release. In

contrast, in Cyp46a1�/� versus wild-type mice, decreased sterol flux altered the ability of only cyclin-dependent kinase 5 and pro-

tein phosphatase 2B to regulate the glutamate release. Collectively, our results support cytochrome P450 46A1-mediated sterol flux

as an important contributor to the fundamental properties of the membranes, protein phosphorylation and synaptic transmission.

Also, our data provide an explanation of how one enzyme, cytochrome P450 46A1, can affect multiple pathways and processes

and serve as a common potential target for several neurodegenerative disorders.
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Abbreviations: 24HC ¼ 24-hydroxycholesterol; AD ¼ Alzheimer’s disease; Ab ¼ amyloid b peptide; CDK5 ¼ cyclin-dependent

kinase 5; CYP46A1 ¼ cytochrome P450 46A1; EFV ¼ efavirenz; GP ¼ general polarization; GSK3 ¼ glycogen synthase kinase 3;

MCD ¼ methyl-b-cyclodextrin; PFO-D4-GFP-GST ¼ domain D4 of perfringolysin O labelled with superfolder green fluorescent

protein and glutathione S-transferase; PP1/2A ¼ protein phosphatase 1/2A; PP2B ¼ protein phosphatase 2B or calcineurin; PSD-95

¼ postsynaptic density-95; TEM ¼ transmission electron microscopy

Introduction
Cytochrome P450 46A1 (CYP46A1) is a CNS-specific en-

zyme, normally residing in the endoplasmic reticulum of

multiple types of neurons (Ramirez et al., 2008).

CYP46A1 converts cholesterol to 24-hydroxycholesterol

(24HC) and thereby disposes the majority of the brain

cholesterol excess due to rapid 24HC flux into the sys-

temic circulation (Lutjohann et al., 1996; Bjorkhem et al.,

1998; Lund et al., 1999; Meaney et al., 2002; Lund

et al., 2003). Cyp46a1�/� mice have the same steady-

state levels of brain cholesterol as wild-type animals but

a decreased rate of brain cholesterol biosynthesis as a

compensatory mechanism to counteract the lack of the

major cholesterol elimination pathway (Lund et al.,

2003). Accordingly, cholesterol turnover and sterol flux

through the membranes are decreased in the brain of

Cyp46a1�/� mice. Similarly, the cholesterol levels are un-

changed in the brain of wild-type mice with CYP46A1

activation by pharmacologic means (Mast et al., 2014).

Yet, their brain cholesterol biosynthesis is enhanced, thus

leading to increases in cholesterol turnover and sterol

flux through the membranes.

Studies in mice revealed a broad therapeutic potential

of increased CYP46A1 activity for various neurodegener-

ative disorders such as Alzheimer’s and Huntington’s dis-

eases, Niemann-Pick disease type C and spinocerebellar

ataxia (Hudry et al., 2010; Burlot et al., 2015;

Boussicault et al., 2016; Mast et al., 2017b; Kacher

et al., 2019; Mitroi et al., 2019; Nóbrega et al., 2019;

Petrov et al., 2019b). Even glioblastoma, an aggressive

brain tumour, was found to be inhibited in mice by

pharmacologic CYP46A1 activation (Han et al., 2020).

Mechanistically, increases in CYP46A1 activity affected

multiple processes and led to improvements in neuro-

transmission; enhancement in vesicular and endosomal

trafficking; stimulation of proteasome and autophagy

machineries; reduction of neuronal atrophy; and decreases

in microgliosis (Hudry et al., 2010; Burlot et al., 2015;

Boussicault et al., 2016; Kacher et al., 2019; Mitroi

et al., 2019; Nóbrega et al., 2019). Conversely, lack of

CYP46A1 was found to elicit severe deficits in memory

and learning, likely due to impaired long-term potenti-

ation as a result of decreased protein prenylation (Kotti

et al., 2006, 2008). Furthermore, region-specific decreases

in CYP46A1 expression by genetic means led to the man-

ifestations of Alzheimer’s and Huntington’s diseases

(Djelti et al., 2015; Boussicault et al., 2016), spinocerebel-

lar ataxia (Nóbrega et al., 2019) and seizure-like dis-

charges (Chali et al., 2015). These detrimental effects

were associated with neuronal degeneration and apop-

tosis; impairment of the lysosomal pathway; aberrant re-

cruitment of the amyloid precursor protein to lipid rafts;

endoplasmic reticulum stress; and abnormal tau phos-

phorylation (Djelti et al., 2015; Boussicault et al., 2016;

Nóbrega et al., 2019).

Recently we discovered that in 5XFAD mice, a model

of rapid amyloidogenesis (Oakley et al., 2006), CYP46A1

can be activated by a very low dose of efavirenz (EFV),

an anti-HIV drug (Mast et al., 2017b; Petrov et al.,

2019a). EFV increased the brain cholesterol 24-hydroxyl-

ation and turnover, improved mouse performance in
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behavioural tests and altered the activation of glial cells

as well as the expression of essential synaptic proteins

(Mast et al., 2017b; Petrov et al., 2019a). The effects on

the amyloid b levels (Ab) were the treatment paradigm-

specific, either Ab decreasing or not changing. Studies by

the omics approaches documented altered protein phos-

phorylation in EFV-treated 5XFAD mice and pointed to

the effects on synaptic function, inflammation, microglia

phenotype, oxidative stress, cellular hypoxia, ubiquitin-

proteasome system, autophagy and apoptosis (Petrov

et al., 2019b). Protein phosphorylation was also altered

in Cyp46a1�/� mice (Mast et al., 2017a), and the

affected processes overlapped in part with those in EFV-

treated 5XFAD mice (synaptic transmission, ubiquitina-

tion and cytoskeleton maintenance). Yet the set of the

differentially phosphorylated proteins mostly differed

(Mast et al., 2017a). Subsequent studies by others pro-

vided additional evidence that EFV-induced CYP46A1 ac-

tivation is beneficial by showing that it elicits therapeutic

effects under the conditions of depression (Patel et al.,
2017), reduces tau phosphorylation in early Alzheimer’s

disease neurons (van der Kant et al., 2019), and sup-

presses glioblastoma proliferation in the brain (Han

et al., 2020). CYP46A1 is now being tested as a drug

target in the two clinical trials (NCT03706885 and

NCT03650452, ClinicalTrials.gov), one in patients with

early Alzheimer’s disease and the other in children with

frequent seizures due to rare genetic diseases.

The underlying reason for multiple CYP46A1 activity

effects is currently unknown. However, there is a com-

mon event in EFV-treated 5FAD mice and mice with

Cyp46a1 ablation. This common event is altered choles-

terol turnover in the brain and therefore altered sterol

flux through the plasma membranes and in particular

lipid rafts, i.e. ordered, cholesterol- and sphingolipid-

enriched microdomains of the plasma membranes (Pike,

2003). Increased sterol flux from the cytosol to the

plasma membranes makes more cholesterol enter and

leave the plasma membranes per unit of time. Hence

more of the newly synthesized cholesterol enters the

plasma membranes and is then selectively recruited to

lipid rafts (Kannan et al., 2007; Olsen et al., 2013;

Javanainen et al., 2017). As a result, both membranes

and lipid rafts may become affected. Conversely, a

decreased sterol flux could have the opposite effects.

Thus, both increased and decreased sterol fluxes can trig-

ger in turn various changes in the membrane-associated

cellular processes, for example vesicular trafficking and

synaptic transmission (Suzuki et al., 2007; Sebasti~ao

et al., 2013; Egawa et al., 2016). These sterol flux effects

could be similar to those of the altered membrane choles-

terol content, which is known to affect the physico-chem-

ical properties of the membranes, formation of lipid rafts

as well as conformation and membrane distribution of in-

tegral membrane proteins (Simons and Ehehalt, 2002;

Pike, 2003; Yang et al., 2016). Herein, we tested our

sterol flux hypothesis by evaluating the properties of

synaptosomal fractions isolated from the brain of mice

with increased and decreased sterol fluxes. We also inves-

tigated the sterol flux effects on the activity of the two

lipid raft-associated protein kinases and two protein

phosphatases that regulate the exocytotic glutamate re-

lease. We obtained experimental support for our hypoth-

esis and linked the CYP46A1-mediated sterol flux,

fundamental membrane properties, protein phosphoryl-

ation, synaptic transmission and behaviour in a model.

By introducing and initial testing the sterol flux hypoth-

esis, this study created the basis for the major conceptual

advance in our understanding of the role of CYP46A1

and cholesterol homeostasis in the brain and paved the

way towards development of new, disease-modifying

treatments for Alzheimer’s disease and other disorders of

the brain.

Materials and methods

Animal models

Five models were used, all of which were 9 months old:

(i) EFV-treated 5XFAD mice—a model of CYP46A1 acti-

vation and increased sterol flux in the brain affected by

Ab deposition; (ii) control (vehicle-treated) 5XFAD

mice—a model of basal CYP46A1 activity and sterol flux

in the brain affected by Ab deposition; (iii) Cyp46a1�/�

mice—a model of full CYP46A1 inhibition by genetic

means and decreased sterol flux; (iv) B6SJL mice, the

background strain for 5XFAD animals; and (v) C57BL/

6J; 129S6/SvEv mice, the background strain for

Cyp46a1�/� mice. The latter two groups served as mod-

els of basal CYP46A1 activity and sterol flux in healthy

brains of different genetic backgrounds. 5XFAD mice co-

express two human proteins, amyloid precursor protein

and presenelin 1, which carry a total of five mutations

underlying familial Alzheimer’s disease. These transgenic

animals represent a rapid-onset, severe amyloid plaque

model recapitulating the major features of Alzheimer’s

disease (amyloid plaques, gliosis, neurodegeneration and

memory deficits) (Oakley et al., 2006; Kimura and Ohno,

2009; Crouzin et al., 2013). Only F1 generation of the

hemizygous mice was used after crossing 5XFAD hemizy-

gous males with wild-type B6SJL females (The Jackson

Laboratory). Gender-matched B6SJL littermates served as

a control. The Pde6brd1 mutation leading to blindness

was bred out of our colony. 5XFAD mice were put on S-

EFV (Toronto Research Chemicals Inc.) dissolved in

drinking water as described (Petrov et al., 2019a). The

treatment started at 3 months of age and continued for

6 months. The Cyp46a1þ/þ and Cyp46a1�/� colonies

were obtained from Cyp46a1þ/� mice on the mixed

C57BL/6J; 129S6/SvEv background (Lund et al., 2003),

which were provided by Dr D. Russell (University of

Texas Southwestern, Dallas, TX). All animals were main-

tained in a temperature and humidity-controlled
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environment with 12-h light–dark cycle with standard ro-

dent chow and water provided ad libitum. All animal

experiments were approved by the Institutional Animal

Care and Use Committee and conformed to recommenda-

tions of the American Veterinary Association Panel on

Euthanasia.

Isolation of synaptosomal fractions

Mice were fasted overnight and sacrificed the following

morning. The brains were quickly isolated, dissected from

the cerebellum, which was discarded, and rinsed in ice-

cold phosphate-buffered saline. Synaptosomal fractions

were obtained by centrifugation from 10% brain homo-

genates in Syn-PERTM Synaptic Protein Extraction

Reagent (TermoFisher Scientific). See Supplementary ma-

terial for details. Synaptosomal fractions were enriched

with the pre- and postsynaptic proteins (e.g. synaptophy-

sin and postsynaptic density-95, PSD-95, respectively),

lacked nuclear proteins (e.g. histone deacetylase 2), and

contained the marker proteins for astrocytes (e.g. glutam-

ine synthetase and excitotoxic amino acid transporter 2)

(Supplementary Fig. 1). Mostly the same preparations of

synaptosomal fractions were used in all of the experi-

ments described in the present work.

Western blots

Protein separation by SDS-PAGE and membrane process-

ing were as described (Petrov et al., 2019a). The source,

clonality and dilutions of primary and secondary antibod-

ies are indicated in Supplementary Table 1 of the

Supplementary material.

Sterol quantifications

Total cholesterol, free lathosterol, desmosterol and 24HC

were measured by gas chromatography-mass spectroscopy

using deuterated sterol analogues as internal standards

(Mast et al., 2011).

Cholesterol availability in the

membranes

Domain 4 (D4) of perfringolysin O (PFO), a cholesterol-

dependent cytolysin, was used, which contained the

D434S and C459A mutations to increase the D4 sensitiv-

ity for cholesterol detection (Johnson et al., 2012). This

mutant D4 also had the superfolder green fluorescent

protein (GFP) and glutathione S-transferase (GST) at the

C-terminus. See Supplementary material for the prepar-

ation of the PFO-D4-GFP-GST construct, its expression

and purification as well as the conditions for membrane

binding. The PFO-D4-GFP-GST fluorescence was quanti-

fied at the emission peak of 510 nm after excitation at

485 nm.

Membrane ordering

Two probes, di-4-ANEPPDHQ and F2N12S (TermoFisher

Scientific) were used (Shynkar et al., 2007; Ashdown and

Owen, 2015), which were individually incubated with syn-

aptosomal fractions as described in details in

Supplementary material. Di-4-ANEPPDHQ was excited at

473 nm and its general polarization (GP) was calculated as

a ratio of (I560�I650) to (I560þI650), where I560 and I650

represents the fluorescence intensity at 560 and 650 nm, re-

spectively. F2N12S was excited at 405 nm, and the ratio

between the intensity of its short- and long-wavelength

emission bands was calculated at 485 and 575 nm,

respectively.

Osmotic resistance

Synaptosomal fractions were assessed for light scattering

at 520 nm at different (0–0.4 M) NaCl concentrations.

See Supplementary material for details.

Transmission electron microscopy

Synaptosomal fractions were post-fixed with 1% osmium

tetroxide, 1% tannic acid and 1% p-phenylenediamine to

preserve and enhance the visualization of membranous

structures and osmium-treated neutral lipids (Guyton and

Klemp, 1988). See Supplementary material for details.

Images were acquired by a FEI Tecnai Spirit T12 electron

microscope (ThermoFisher Scientific) with a Gatan

US4000 4kx4k CCD camera (Gatan). ImageJ software

(NIH) was used to measure the membrane thickness.

Glutamate content

The Glutamate Assay Kit (BioVision) was used, in which

glutamate is enzymatically oxidized, thus leading to ab-

sorbance at 450 nm. See Supplementary material for

details.

Inhibition of protein kinases and
protein phosphatases

Synaptosomal fractions were incubated for 20 min at

37�C either with the inhibitor dissolved in DMSO or

DMSO alone followed by induction of the glutamate re-

lease by 117 mM KCl and the measurements of the glu-

tamate content. The inhibitors and final inhibitor

concentrations were as follows: 20 lM R-roscovitive or

10 lM butyrolactone I (Enzo Life Sciences) to inhibit

cyclin-dependent kinase 5 (CDK5); 10 lM SB 216763

(Tocris) to inhibit glycogen synthase kinase 3 (GSK3);

1 lM okadaic acid (Tocris) to inhibit protein phospha-

tases 1 and 2 A (PP1/2A), and 30 lM cyclosporin A

(Tocris) to inhibit protein phosphatase 2B or calcineurin

(PP2B) inhibition (Bauerfeind et al., 1997; Marks and

McMahon, 1998; Hosaka et al., 1999; Tomizawa et al.,

2002; Chergui et al., 2004; Lee et al., 2004; Chen
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et al., 2007; Wei et al., 2010; Xue et al., 2011;

Miranda-Barrientos et al., 2014). See Supplementary ma-

terial for details.

Statistical analysis

Data represent the mean 6 SD; the sample size is indi-

cated in each figure or in the figure legend. Data from

all available brains were used in experiments. There were

no exclusions of statistical outliers but for some experi-

ments there was not enough sample remaining from some

animals. Randomization and blinding were not used in

experiments. Either a two-tailed, unpaired Student’s t-test

or a two-way ANOVA followed by Bonferroni post hoc

comparisons were used for data analyses. The GraphPad

Prism (GraphPad) and Origin Pro (OriginLab) software

were used. Statistical significance was defined as

*P� 0.05; **P� 0.01; ***P� 0.001.

Data availability

The authors confirm that the data supporting the findings

of this study are available upon request.

Results

Sterol profiles of synaptosomal
fractions

Synaptosomes or isolated nerve terminals have the mo-

lecular machinery necessary for the uptake, storage and

release of neurotransmitter and carry the morphological

features as well as most of the chemical properties of the

original nerve terminals (Nicholls and Sihra, 1986;

Schrimpf et al., 2005; Bai and Witzmann, 2007). Four

sterols were quantified: cholesterol as CYP46A1 sub-

strate; 24HC as CYP46A1 product; lathosterol and des-

mosterol as markers of cholesterol biosynthesis in

neurons and astrocytes, respectively (Pfrieger and

Ungerer, 2011). In EFV-treated 5XFAD versus control

mice, the levels of cholesterol in synaptosomal fractions

were the same in male mice and only slightly decreased

(by �12%) in female mice (Fig. 1A). In the correspond-

ing brain homogenates, the cholesterol levels were un-

changed in mice of both sexes (Supplementary Fig. 2A).

The 24HC content was decreased in synaptosomal frac-

tions from EFV-treated 5XFAD mice of both sexes

(Fig. 1B) but increased in their brain homogenates

(Supplementary Fig. 2B). This difference was likely due

to a poor oxysterol retention inside cells (Meaney et al.,

2002) and hence removal when synaptosomes were

washed during the isolation. In contrast, the levels of

cholesterol precursors lathosterol and desmosterol were

increased in both synaptosomal fractions and brain

homogenates from EFV-treated 5XFAD mice of both

sexes (Fig. 1C and D, Supplementary. Fig. 2C and D).

Thus, in synaptosomal fractions and brain homogenates

from male and female 5XFAD mice, EFV treatment led

to increases in the cholesterol precursor levels with essen-

tially no effect on cholesterol content, a result consistent

with increases in cholesterol turnover and sterol flux

through the membranes in both types of samples.

In Cyp46a1�/� mice versus Cyp46a1þ/þ animals, the

cholesterol levels in synaptosomal fractions were un-

changed and moderately decreased (by �21%) in male

and female mice, respectively (Fig. 1A). Similarly, there

was no change and a decrease (by 14%) in male and fe-

male Cyp46a1�/� mice, respectively, in the cholesterol

levels in brain homogenates (Supplementary Fig. 2A).

24HC was not detected either in synaptosomal fractions

or brain homogenates of Cyp46a1�/� mice due to lack of

CYP46A1 which produces this oxysterol (Fig. 1B,

Supplementary Fig. 2B). The levels of lathosterol and

desmosterol were decreased in Cyp46a1�/� mice at least

5-fold in both synaptosomal fractions and brain homo-

genates (Fig. 1C and D, Supplementary Fig. 2C and D).

Thus, Cyp46a1 ablation had the sex-specific effect

on the cholesterol levels but not the levels of other sterols

in brain homogenates and synaptosomal fractions.

Hence, both males and females had a decrease in

cholesterol turnover and sterol flux through the

membranes.

Cholesterol accessibility in the
synaptosomal fraction membranes

PFO-D4 is a non-lytic derivative of the h-toxin, which

binds cholesterol in a concentration-dependent manner

and selectively recognizes accessible membrane cholesterol

(Ohno-Iwashita et al., 2010). PFO-D4 has been a com-

mon probe for analysing the distribution and dynamics

of membrane cholesterol in lipid rafts (Johnson et al.,
2017). Methyl-b-cyclodextrin (MCD) is an efficient chol-

esterol-extracting agent (Zidovetzki and Levitan, 2007).

The PFO-D4-GFP-GST construct containing the fluores-

cently labelled PFO-D4 was generated, expressed in

Escherichia coli and purified (see Supplementary material

for details). This construct was then investigated for bind-

ing to the membranes of intact synaptosomal fractions

(pre-MCD samples, Supplementary Fig. 3A) and from the

fractions, in which �95% of total cholesterol was

removed by MCD (post-MCD samples). In intact synap-

tosomal fractions, more cholesterol was accessible to

PFO-D4 in EFV-treated 5XFAD mice of both sexes than

control animals, whereas less cholesterol was accessible

to PFO-D4 in Cyp46a1�/� than Cyp46a1þ/þ mice

(Supplementary Fig. 3B). In contrast, in post-MCD sam-

ples, the pattern of changes was the opposite, probably

due to increased (EFV-treated versus control 5XFAD

mice) and decreased (Cyp46a1�/� versus Cyp46a1þ/þ

mice) amounts of cholesterol available for extraction with

MCD (Supplementary Fig. 3C). Hence, when corrected

for the fluorescence due to non-specific PFO-D4 binding
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to cholesterol-depleted synaptosomal fractions, the PFO-

D4-GFP-GST fluorescence remained higher in EFV-treated

versus control 5XFAD mice (by 31% and 39% in males

and females, respectively) and lower in Cyp46a1�/� ver-

sus Cyp46a1þ/þ mice (by 51% and 19% in males and

females, respectively) (Fig. 2A). Thus, increased sterol

flux in EFV-treated 5XFAD mice seemed to increase chol-

esterol accessibility in the synaptosomal membranes,

whereas the lack of CYP46A1 or decreased sterol flux

had an opposite effect.

Membrane ordering

Di-4-ANEPPDHQ is a dye, which has emission maxima

at 500–580 nm and 620–750 nm when it binds to the

ordered and disordered membrane phases, respectively

Figure 1 Sterol profiles in synaptosomal fractions. (A–D) The levels of cholesterol, 24HC, lathosterol and desmosterol, respectively, in

synaptosomal fractions isolated from the brain of vehicle-treated (Cntr, black circles) and EFV-treated (Tx, green circles) 5XFAD mice as well as

wild-type (Cyp46a1þ/þ) mice on the mixed (C57BL/6J; 129S6/SvEv) background (black circles) and Cyp46a1�/� mice (magenta circles) on the

same background. The results are the mean 6 SD of the measurements in individual animals (n¼ 3–9 mice per group and gender). Statistical

analysis: a two-way ANOVA followed by Bonferroni post hoc comparisons. *P� 0.05, **P� 0.01, ***P� 0.001.
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Figure 2 Cholesterol availability and ordering in the membranes of synaptosomal fractions. (A) Cholesterol availability as assessed

by binding of PFO-D4-GFP-GSTand its fluorescence intensity (I) at 510 nm. The PFO-D4-GFP-GST fluorescence was corrected for the non-

specific PFO-D4-GFP-GST binding as described in the main text and shown in Supplementary Fig. 3B and C. The averaged emission spectra of

PFO-D4-GFP-GSTare shown on the right. (B) Membrane ordering as assessed by binding of di-4-ANEPPDHQ and its emission spectra, which

were used to calculate the dye GP using the following equation: GP ¼ ðI560� I650Þ=ðI560þ I650Þ, where I560 nm and I650 nm are the

fluorescence intensity at 560 and 650 nm, respectively. (C) Membrane ordering and asymmetry as assessed by binding of F2N12S and its

emission spectra (on the right), which were used to calculate the ratio of the fluorescence intensity at 485 and 575 nm. All results are the mean

6 SD of the measurements in individual animals (n¼ 3–8 mice per group and gender). Statistical analysis: a two-way ANOVA followed by

Bonferroni post hoc comparisons. *P� 0.05, **P� 0.01, ***P� 0.001. Cntr, control or vehicle-treated 5XFAD mice (black circles and traces); Tx,

EFV-treated 5XFAD mice (green circles and traces); Cyp46a1þ/þ mice (black circles and traces) and Cyp46a1�/� (magenta circles and traces) on

the mixed (C57BL/6J; 129S6/SvEv) background.
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(Ashdown and Owen, 2015). Interaction of di-4-

ANEPPDHQ with samples from control 5XFAD mice of

both sexes and female Cyp46a1�/� mice produced a

typical two-peak emission spectra, whereas those from

EFV-treated 5XFAD mice and Cyp46a1þ/þ mice of both

sexes generated only one-peak emission spectra with a

maximum at �600 nm (Fig. 2B). These spectra were then

used to calculate the di-4-ANEPPDHQ GP, a quantitative

indicator of membrane ordering. In both sexes, GP was

higher upon di-4-ANEPPDHQ binding to synaptosomal

fractions from EFV-treated than control 5XFAD mice

and lower in the samples from Cyp46a1�/� than

Cyp46a1þ/þ mice, thus suggesting increased (in EFV-

treated 5XFAD mice) and decreased (in Cyp46a1�/�

mice) membrane ordering. To confirm this result,

F2N12S, the second lipid-sensitive dye was used, whose

short- (485 nm) and long-wavelength (575 nm) emission

maxima correspond to the probe binding to the mem-

brane disordered and ordered phases, respectively

(Shynkar et al., 2007). The 485 nm band is also sensitive

to the phospholipid distribution between the outer and

inner membrane leaflets (Shynkar et al., 2007). In both

sexes, EFV treatment decreased the intensity of the

485 nm band and the ratio of intensities of the 485 nm

to 575 nm bands (Fig. 2C). Conversely, Cyp46a1 ablation

increased the 485 nm band intensity and the 485 nm to

575 nm band ratio (Fig. 2C). Thus, changes in the emis-

sion spectra of both dyes were consistent and suggested

an increase in membrane ordering in animals with

increased sterol flux (EVF-treated 5XFAD mice) and a

decrease in membrane ordering in animals with decreased

sterol flux (Cyp46a1�/� mice).

Osmotic resistance

Membrane resistance to osmotic changes (a reflection of

water permeability and ability to swell or shrink) is

known to depend on the cholesterol content (Yang et al.,

2016) and was estimated by light scattering (Keen and

White, 1970), which is increased and decreased when

biological particles shrink and swell, respectively (Koch,

1961). In the absence of NaCl, all synaptosomal prepara-

tions seemed to scatter the light similarly (Fig. 3), prob-

ably because they were swollen to the same extent. Yet,

increasing osmotic pressure due to increased NaCl con-

centrations always led to a higher light scattering of the

samples from control 5XFAD and Cyp46a1�/� mice of

both sexes than the samples from EFV-treated and

Cyp46a1þ/þ animals of both sexes, respectively. These

results suggested that EFV treatment (or increased sterol

flux) increased synaptosomal fraction resistance to osmot-

ic stress, whereas the lack of CYP46A1 (or decreased

sterol flux) made the membranes more susceptible to the

osmotic stress.

Membrane thickness

This was evaluated by transmission electron microscopy

(TEM) and focused on the measurements of the pre- and

postsynaptic membranes. Only male mice were evaluated

because the directionality of changes observed in Figs 1–3

was the same in both sexes either upon EFV treatment

or Cyp46a1 ablation. The thickness of both pre- and

postsynaptic membranes was always higher (by 16% and

19%, respectively) in EFV-treated versus control 5XFAD

mice (Fig. 4A and B). In addition, electron density adja-

cent to the postsynaptic membranes (the so-called postsy-

naptic density) was more pronounced in EFV-treated

relative to control 5XFAD mice. Conversely, the pre- and

postsynaptic membrane thickness as well as postsynaptic

density were lower in Cyp46a1�/� versus Cyp46a1þ/þ

mice (by 11% and 13%, respectively, Fig. 4C and D).

Thus, pharmacological CYP46A1 activation and subse-

quent increase in sterol flux appeared to increase both

membrane thickness at the synapses and postsynaptic

density, while Cyp46a1 ablation exerted the reverse

effects.

Sucrose- and KCl-releasable as well
as total glutamate pools

Glutamate release occurs under stimulation of synaptic

vesicle exocytosis, which can be evoked by sucrose or

KCl (Nicholls and Sihra, 1986; Rosenmund and Stevens,

1996). The sucrose-evoked (�500 mM) exocytosis usually

reflects the neurotransmitter release from a small popula-

tion of synaptic vesicles constituting the readily releasable

pool; the size of this pool determines the efficiency of

synaptic transmission (Rosenmund and Stevens, 1996;

Darios et al., 2009; Kaeser and Regehr, 2017).

Conversely, KCl (>50 mM) stimulates robust synaptic

vesicle exocytosis from synaptic vesicles constituting recy-

cling and reserve pools, which can contribute to excito-

toxicity (Nicholls and Sihra, 1986; Budd et al., 1996;

Sodero et al., 2012). Herein, glutamate release was

assessed under the conditions of mild (35 mM sucrose)

and stronger (117 mM KCl) stimulation of synaptic ves-

icle exocytosis (Valencia et al., 2013), and the total glu-

tamate content was measured as well. Experiments also

included the characterization of synaptosomal fractions

from the brain of male B6SJL mice, a background strain

for the male 5XFAD mice characterized by TEM (Fig. 4).

In control 5XFAD versus B6SJL male mice, the glutamate

release evoked by sucrose was decreased (Fig. 5A and D),

while the KCl-induced glutamate release was increased

(Fig. 5B and D). Remarkably, EFV treatment made the

glutamate release in 5XFAD male mice similar to that in

B6SJL male mice under both stimulation conditions, i.e.

normalized the glutamate release. Similarly, the glutamate

release was increased and decreased in female EFV-

treated versus control 5XFAD mice under the mild and

stronger exocytosis stimulation, respectively (Fig. 5A, B
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Figure 4 TEM of synaptosomal fractions. (A and C) Representative electron micrographs of the synaptic regions (n¼ 3 male mice per

group). Coloured rectangles in the panels on the left and right indicate the regions that are shown at higher magnifications in the middle panels.

Orange font and arrows indicate the pre- and postsynaptic parts, postsynaptic density (PSD) and synaptic cleft; yellow asterisks indicate some of

the synaptic vesicles; and yellow lines show membrane thickness. (B and D) The quantification of the pre- and postsynaptic membrane thickness.

All results are the mean 6 SD of the measurements in individual animals (n¼ 3 male mice per group), 8–22 synaptosomes/mouse and 5–10

measurements/membrane. Statistical analysis: a two-tailed, unpaired Student’s t-test. *P� 0.05. Cntr, control or vehicle-treated 5XFAD mice; Tx,

EFV-treated 5XFAD mice; Cyp46a1þ/þ and Cyp46a1�/�, wild-type and knockout mice on the C57BL/6J; 129S6/SvEv background.

Figure 3 Resistance of synaptosomal fractions to osmotic stress. Optical density (OD) at 520 nm of synaptosomal fractions

resuspended in Locke’s solution containing different NaCl concentrations. All results are the mean 6 SD of the measurements in individual

animals (n¼ 3–7 mice per group and sex). Statistical analysis: a two-way ANOVA followed by Bonferroni post hoc comparisons. *P� 0.05,

**P� 0.01, ***P� 0.001. Cntr, control or vehicle-treated 5XFAD mice (black open circles and black lines); Tx, EFV-treated 5XFAD mice (green

open circles and green lines); Cyp46a1þ/þ mice (black open circles and black lines) and Cyp46a1�/� (magenta open circles and magenta lines) on

the mixed (C57BL/6J; 129S6/SvEv) background.
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Figure 5 Glutamate (Glu) release and total Glu pools in synaptosomal fractions. (A and B) Glu release evoked by 35 mM sucrose

and 117 mM KCl, respectively. (C) The total Glu pools. (D) A pie chart representation of the sucrose and KCl-releasable Glu pools (blue and

yellow sectors, respectively) relative to the total Glu pool. The size of the circles reflects the size of the total Glu pools. The percentages of the

sucrose- and KCl-releasable Glu pools relative to the total Glu pool are also shown. All results are the mean 6 SD of the measurements in

individual animals (n¼ 3–7 mice per group and gender). Statistical analysis: a two-way ANOVA followed by Bonferroni post hoc comparisons.

***P� 0.001 of control (Cntr, or vehicle-treated 5XFAD mice) versus EFV-treated 5XFAD (Tx) mice on the B6SJL background or Cyp46a1þ/þ

and Cyp46a1�/� (wild-type and knockout mice on the C57BL/6J; 129S6/SvEv background, respectively). B6SJL, mice on the B6SJL background.
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and D). The opposite changes, a decrease and increase in

the glutamate release under the sucrose- and KCl-induced

stimulation, respectively, were observed in Cyp46a1�/�

versus Cyp46a1þ/þ mice of both sexes (Fig. 5A, B and

D). The quantification of the total glutamate pool in syn-

aptosomal fractions (Fig. 5C and D) revealed that this

glutamate pool is: decreased in control 5XFAD versus

B6SJL male mice but is increased in EFV-treated versus

control 5XFAD mice of both sexes; and is decreased in

Cyp46a1�/� versus Cyp46a1þ/þ mice. Thus, EFV treat-

ment counteracted the changes in the sucrose-, KCl-re-

leasable and total glutamate pools in control 5XFAD

versus B6SJL mice and exerted the effects opposite to

those observed in Cyp46a1�/� versus Cyp46a1þ/þ mice.

Effects of protein kinase and
protein phosphatase inhibition on
KCl-induced glutamate release

Previously, we found that EFV treatment of 5XFAD mice

and Cyp46a1 ablation affect protein phosphorylation and

could modulate the activity of the same protein kinases

(e.g. CDK5 and GSK3) (Mast et al., 2017a; Petrov et al.,

2019b). Consequently, the activity of PP1/2A and PP2B,

the most abundant brain phosphatases, which dephos-

phorylate >90% of neuronal phosphoproteins (Mansuy

and Shenolikar, 2006), could be affected as well. Hence,

we investigated the effect of the CDK5, GSK3, PP1/2A

and PP2B inhibition on the KCI-induced glutamate re-

lease as the amount of the neurotransmitter released in

this protocol was higher than in that utilizing sucrose. In

both EVF-treated 5XFAD mice and Cyp46a1�/� mice,

the inhibition of GSK3, CDK5 and PP2B did not alter

the glutamate release, and only the inhibition of PP1/2A

had an effect, namely led to a decrease in the neurotrans-

mitter release (Figs 6 and 7). This result suggests that

only the activity of PP1/2A seems to contribute to the

glutamate release in these mouse models. Yet, when EFV-

treated and Cyp46a1�/� mice were compared to control

5XFAD and Cyp46a1þ/þ mice, respectively, their inhib-

ition patterns were different. Specifically, in EFV-treated

versus control 5XFAD mice, EFV treatment modulated

the activity of GSK3, CDK5 as well as PP2B and

engaged PP1/2A in the regulation of the glutamate re-

lease. In Cyp46a1�/� versus Cyp46a1þ/þ mice, lack of

CYP46A1 also affected the activity of CDK5 and PP2B

but had no effect on the contribution of GSK3 and PP1/

2A to the glutamate release. Thus, both CYP46A1 activa-

tion with EFV and Cyp46a1 ablation altered the activity

of protein kinase CDK5 and protein phosphatase PP2B

and had the model-specific effects on the engagement of

the protein kinase GSK3 and protein phosphatase PP1/

2A. These model-specific effects were probably due to

different inhibition patterns of control 5XFAD mice and

Cyp46a1þ/þ mice. In B6SJL mice and Cyp46a1þ/þ mice

on the C57BL/6J; 129S6/SvEv background, the glutamate

release was similarly affected by the inhibition of CDK5,

PP1/2A and PP2B but not GSK3. Yet, in control 5XFAD

mice, the activity of not only CDK5 and PP2B but also

of GSK3 contributed to the glutamate release, and PP1/

2A was not involved. Thus, a different inhibition pattern

of EFV-treated versus control 5XFAD mice and

Cyp46a1�/� versus Cyp46a1þ/þ mice is likely do due to

the differences in the basal activity of the enzymes in the

AD model versus wild-type mice.

Discussion
Herein, we characterized synaptosomal fractions isolated

from the brain of mice with the long-term pharmaco-

logical activation and genetic ablation of CYP46A1. This

P450 enzyme is the CNS-specific cholesterol 24-hydroxy-

lase, whose activity modulation affects multiple biological

processes and could be beneficial for treatment of differ-

ent brain disorders (Petrov and Pikuleva, 2019). First, we

confirmed that sterol flux is indeed increased and

decreased, respectively, through the membranes of the

evaluated mouse models relative to their corresponding

controls (Fig. 1). Then we established that PFO-D4, a

specific probe for accessible cholesterol (Ohno-Iwashita

et al., 2010), detected more cholesterol in the membranes

of EFV-treated than control 5XFAD mice and less choles-

terol in the samples from the Cyp46a1�/� than

Cyp46a1þ/þ mice (Fig. 2A). Since PFO-D4 mainly inter-

acts with cholesterol in lipid rafts (Olsen et al., 2013)

and detergent-resistant membranes from the ordered

membrane microdomains (Waheed et al., 2001; Shimada

et al., 2002; Ohno-Iwashita et al., 2004; Nelson et al.,

2010), we next used di-4-ANEPPDHQ and F2N12S, the

two dyes sensitive to lipid environment (Shynkar et al.,

2007; Ashdown and Owen, 2015). Binding of both dyes

to the synaptosomal membranes was consistent and indi-

cated increased ordering in the membranes with increased

sterol flux (from EFV-treated 5XFAD mice) and

decreased membrane ordering in the membranes with

decreased sterol flux (Cyp46a1�/�) (Fig. 2B and C).

Membrane ordering alters membrane rigidity and com-

pressibility (Dufourc, 2008; Barriga et al., 2016) and can

consequently affect membrane resistance to osmotic stress

(Foretz et al., 2011). This property was investigated as

well by measuring the changes in the membrane light

scattering as a function of increased osmolarity (Fig. 3).

CYP46A1 activation or increased sterol flux increased os-

motic resistance of synaptosomal fractions, while the

Cyp46a1 knockout (or decreased sterol flux) made synap-

tosomal fractions more susceptible to changes in external

osmotic pressure.

Changes in lipid ordering could alter the membrane

thickness (Lingwood and Simons, 2010; Saita et al.,

2016). Hence, we used TEM and estimated the thickness

of the pre- and postsynaptic membranes, which was

increased and decreased as a result of CYP46A1
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Figure 6 Effects of protein kinase and protein phosphatase inhibition on KCl-induced glutamate (Glu) release. Traces of the

KCl-induced Glu release after synaptosomal fractions were incubated with or no DMSO (black and grey traces, respectively), R-roscovitine

(magenta traces), butyrolactone I (orange traces), SB 216763 (green traces), okadaic acid (ink traces) and cyclosporin A (blue traces) or co-

inhibited with R-roscovitive plus okadaic acid (olive traces) and R-roscovitive plus cyclosporin A (teal traces). All traces are the mean 6 SD of

the measurements in individual animals (n¼ 4–8 mice per group and gender). Statistical analysis: a two-way ANOVA followed by Bonferroni post

hoc comparisons. *P� 0.05, **P� 0.01, ***P� 0.001. B6SJL, mice on the B6SJL background; Cntr, control or vehicle-treated 5XFAD mice, and

Tx, EFV-treated 5XFAD mice on the B6SJL background; Cyp46a1þ/þ and Cyp46a1�/�, wild-type and knockout mice on the C57BL/6J; 129S6/SvEv

background.
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activation and absence, respectively (Fig. 4). Notably, the

TEM analysis suggested that postsynaptic density

becomes more prominent upon CYP46A1 activation and

less prominent when the enzyme is lacking (Fig. 4A and

C). This result is consistent with a positive correlation be-

tween membrane ordering and the formation of postsy-

naptic density (Tulodziecka et al., 2016) as well as

increased expression of PSD-95, a main postsynaptic

density component (Cheng et al., 2006). Also, previously,

we and others showed that the PSD-95 expression is

increased in EFV-treated versus control 5XFAD and

transgenic mice overexpressing CYP46A1 (Maioli et al.,

2013; Petrov et al., 2019a, b). Thus, by using different

approaches, we documented that there are changes in

cholesterol availability, ordering, thickness, osmotic resist-

ance and postsynaptic density in the membranes from

EFV-treated versus control 5XFAD mice and Cyp46a1�/�

versus Cyp46a1þ/þ mice. These changes were always in

the opposite direction in EFV-treated and Cyp46a1�/�

mice, i.e. correlated with the rate of sterol flux.

Membrane-dependent processes include synaptic trans-

mission, which involves the exocytotic neurotransmitter

release from synaptic vesicles (Jahn and Sudhof, 1994).

Therefore, synaptosomal fractions were assessed for re-

lease of glutamate, the major excitatory neurotransmitter

in the CNS. The glutamate release was induced either by

sucrose or KCl to monitor the sterol flux effects on the

ready releasable and other (recycling and reserve) neuro-

transmitter pools, respectively. In both animal models of

sterol flux, the glutamate release was affected when

evoked either by sucrose or KCl (Fig. 5A and B) with the

direction of changes being always the opposite for the

increased and decreased sterol fluxes. This result is con-

sistent with the available data suggesting that perturbing

the membrane properties (thickness, availability of choles-

terol and cholesterol-dependent formation of membrane

nanodomains) could directly contribute to several proc-

esses. These processes include exocytotic neurotransmitter

release (Puchkov and Haucke, 2013; Lauwers et al.,

2016); synaptic vesicle fusion (Zhu and Stevens, 2008);

vesicular docking and trafficking (Zhang et al., 2009).

Moreover, an increase in the sucrose-induced glutamate

release, which usually determines synaptic strength

(Kaeser and Regehr, 2017), suggests an improvement in

synaptic communication in EFV-treated 5XFAD mice and

is consistent with improvements in behavioural tests in

this model as compared to control 5XFAD mice (Mast

et al., 2017b; Petrov et al., 2019a). Conversely, a de-

crease in the sucrose releasable glutamate pool in

Cyp46a1�/� mice indicates an impairment in synaptic

communication and is supported by significant behaviour-

al deficiencies in this genotype (Kotti et al., 2006).

As for the KCl-inducible glutamate pool, a decrease in

this pool was suggested to be protective against excito-

toxicity and thereby a loss of presynaptic terminal and

postsynaptic density (Waataja et al., 2008; Akanuma

et al., 2013). A decrease in this pool could be beneficial

in EFV-treated 5XFAD mice (Fig. 5C) as are increases in

their postsynaptic density and total glutamate pool (Figs

4A and 5C). Consequently, an increase in the KCl-

induced glutamate release in Cyp46a1�/� mice and

decreases in their total glutamate pool and postsynaptic

density could be detrimental for this genotype (Figs 4C

and 5C). Thus, in both EFV-treated 5XFAD and

Figure 7 Schematic summary of the data in Fig. 6. The number in the middle of each circle represents the KCl-releasable Glu pool

(nmol/mg). Blunt-ends denote enzyme inhibition; upwards ("), downwards (#) and left-right ($) arrows indicate increases, decreases, and no

change in Glu release, respectively, after enzyme inhibition. Fold-changes in Glu release (inhibitor versus vehicle) are shown near the arrows; the

colour code for the inhibitors is the same as in Fig. 6.
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Cyp46a1�/� mice, the directionality of the sterol flux

effects was the opposite for sucrose- and KCl-induced

glutamate release, possibly a reflection of the effect on

different pools of synaptic vesicles releasing the glutam-

ate. Indeed, in the ready releasable pool, synaptic vesicles

are already docked to the presynaptic membranes, where-

as in the recycling and reserve neurotransmitter pools,

synaptic vesicles should still be delivered to the exocytotic

sites.

Changes in membrane properties caused by an altered

sterol flux can affect glutamate release indirectly via

changes in protein phosphorylation. The latter could be a

result of the altered targeting of the membrane-associated

protein kinases and phosphatases to their protein sub-

strates and vice versa as suggested by the altered phos-

phoproteome in EFV-treated versus control 5XFAD mice

and Cyp46a1�/� versus Cyp46a1þ/þ mice. Also, our data

pointed to changes in the activity of the overlapping pro-

teins kinases in mice with increased and decreased sterol

fluxes (Mast et al., 2017a; Petrov et al., 2019b). Of these

kinases, we chose to further study CDK5 and GSK3 as

their activity depends on the membrane microdomains

(Sui et al., 2006; Hernandez et al., 2009; Valencia et al.,

2010; Nishikawa et al., 2016). CDK5 and GSK3 are also

involved in regulation of synaptic vesicle exocytosis

(Tomizawa et al., 2002; Chergui et al., 2004; Kim and

Ryan, 2010; Zhu et al., 2010). In addition, we investi-

gated PP1/2A and PP2B as protein phosphorylation

reflects the activities of not only kinases but phosphatases

as well. PP1/2A and PP2B participate in the control of

synaptic vesicle cycling (Guatimosim et al., 2002;

Kumashiro et al., 2005; Marra et al., 2012).

We found that both CDK5 and PP2B lost their ability

to regulate the KCl-induced glutamate release in response

to the changes in sterol flux, i.e. in EFV-treated 5XFAD

mice and Cyp46a1�/� mice (Figs 6 and 7). We also

established that the CDK5 inhibition had opposite effects

on the glutamate release in control 5XFAD versus B6SJL

mice (Figs 6 and 7), possibly a reflection of the aberrant

CDK5 hyperactivity in the brain in Alzheimer’s disease

(Shukla et al., 2012; Liu et al., 2016), and hence control

5XFAD mice as a disease model. As for GSK3, we docu-

mented that this kinase is engaged in the regulation of

the KCl-induced glutamate exocytosis in control 5XFAD

but not EFV-treated 5XFAD and B6SJL mice (Figs 6 and

7). Conversely, PP1/2A were not engaged in control

5XFAD mice but contributed to the glutamate release in

EFV-treated 5XFAD and B6SJL mice. These results likely

mirror the GSK3 hyperactivation and PP2A hypoactiva-

tion shown to occur in Alzheimer’s disease (Hu et al.,

2009; Javadpour et al., 2019). Accordingly, increased

sterol flux in EFV-treated 5XFAD mice seems to reverse

Figure 8 Proposed model unifying the effects of increased (in green) and decreased (in magenta) sterol fluxes. Biological

processes are in bold; the properties of synaptosomal fractions are in regular font; arrowheads indicate the links between biological processes;

upwards ("), downwards (#) and left-right ($) arrows indicate increase, decrease and no change. Cntr, control or vehicle-treated 5XFAD mice;

Tx, EFV-treated 5XFAD mice; Cyp46a1þ/þ and Cyp46a1�/�, wild-type and knockout mice, respectively. See Discussion section for explanation.
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the effects of the putative CDK5 and GSK3 hyperactiva-

tion and PP2A hypoactivation on the KCl-induced glu-

tamate release in control 5XFAD mice. In addition, the

CDK5 activity was also shown to be aberrantly increased

in response to many neurotoxic stimulus and ischaemia

(Liu et al., 2016). Therefore, pharmacologic CYP46A1

activation by EFV could be a general therapeutic tool to

rescue the pattern of aberrant changes in CDK5, GSK3,

PP2A and PP2B in different pathologic conditions.

We propose the following model to unify all the data

obtained (Fig. 8). EFV treatment activated CYP46A1 in

5XFAD mice and increased sterol flux in the brain,

whereas Cyp46a1 ablation abolished CYP46A1 activity

and decreased sterol flux in brain. As a result, the prop-

erties of the synaptosomal fraction membranes were

altered, and the observed changes correlated with an in-

crease or decrease in sterol flux. The altered membrane

properties directly or indirectly (via the alterations in pro-

tein phosphoproteome) affected the synaptic function, in

particular the neurotransmitter release, and ultimately led

to behavioural improvements in EFV-treated 5XFAD

mice and behavioural impairments in Cyp46a1�/� mice.

In summary, by using different mouse models and ex-

perimental approaches, we obtained evidence in support

of the CYP46A1-mediated sterol flux as a general mech-

anism in the brain, which affects the fundamental proper-

ties of the membranes as well as synaptic vesicle

exocytosis and activity of some of the lipid raft-associated

protein kinases and phosphatases. Changes in this sterol

flux allow to explain the multiple effects of the

CYP46A1 activity modulation in the brain and the

enzyme’s therapeutic potential for the treatment of differ-

ent disorders of the brain. Thus, CYP46A1 and choles-

terol metabolism seem to integrate different important

processes in the brain and hence play roles far beyond

those in cholesterol elimination.

Supplementary material
Supplementary material is available at Brain

Communications online.
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