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CYP46A|-dependent and independent effects
of efavirenz treatment

Natalia Mast, Nicole El-Darzi, (®Alexey M. Petrov,* Young Li and ®lrina A. Pikuleva

Cholesterol excess in the brain is mainly disposed via cholesterol 24-hydroxylation catalysed by cytochrome P450 46A1, a CNS-
specific enzyme. Cytochrome P450 46A1 is emerging as a promising therapeutic target for various brain diseases with both enzyme
activation and inhibition having therapeutic potential. The rate of cholesterol 24-hydroxylation determines the rate of brain choles-
terol turnover and the rate of sterol flux through the plasma membranes. The latter was shown to affect membrane properties and
thereby membrane proteins and membrane-dependent processes. Previously we found that treatment of 5XFAD mice, an
Alzheimer’s disease model, with a small dose of anti-HIV drug efavirenz allosterically activated cytochrome P450 46A1 in the brain
and mitigated several disease manifestations. Herein, we generated Cyp46a1~’~5XFAD mice and treated them, along with SXFAD
animals, with efavirenz to ascertain cytochrome P450 46A1-dependent and independent drug effects. Efavirenz-treated versus con-
trol Cyp46a1~’~5XFAD and 5XFAD mice were compared for the brain sterol and steroid hormone content, amyloid p burden,
protein and mRNA expression as well as synaptic ultrastructure. We found that the cytochrome P450 46A1-dependent efavirenz
effects included changes in the levels of brain sterols, steroid hormones, and such proteins as glial fibrillary acidic protein, Ibal,
Munc13-1, post-synaptic density-95, gephyrin, synaptophysin and synapsin-1. Changes in the expression of genes involved in
neuroprotection, neurogenesis, synaptic function, inflammation, oxidative stress and apoptosis were also cytochrome P450 46A1-
dependent. The total amyloid B load was the same in all groups of animals, except lack of cytochrome P450 46A1 decreased the
production of the amyloid 40 species independent of treatment. In contrast, altered transcription of genes from cholinergic, mono-
aminergic, and peptidergic neurotransmission, steroid sulfation and production as well as vitamin D3 activation was the main
CYP46A1-independent efavirenz effect. Collectively, the data obtained reveal that CYP46A1 controls cholesterol availability for
the production of steroid hormones in the brain and the levels of biologically active neurosteroids. In addition, cytochrome P450
46A1 activity also seems to affect the levels of post-synaptic density-95, the main postsynaptic density protein, possibly by altering
the calcium/calmodulin-dependent protein kinase II inhibitor 1 expression and activity of glycogen synthase kinase 3B. Even at a
small dose, efavirenz likely acts as a transcriptional regulator, yet this regulation may not necessarily lead to functional effects.
This study further confirmed that cytochrome P450 46A1 is a key enzyme for cholesterol homeostasis in the brain and that the
therapeutic efavirenz effects on 5XFAD mice are likely realized via cytochrome P450 46A1 activation.
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Abbreviations: Af = amyloid 8 peptide; C25H = cholesterol 25-hydroxylase; CYP46A1 = cytochrome P450 46A1; DHEA =
dehydroepiandrosterone; EFV = efavirenz; PSD-95 = post-synaptic density-95; RNA-Seq = whole transcriptome sequencing; ThioS

= Thioflavin S

Introduction

The main pathway of cholesterol elimination in the brain
is initiated by cytochrome P450 46A1 (CYP46A1), which
is normally expressed in neurons (Ramirez et al., 2008)
and ectopically in astrocytes or microglia (Brown et al.,
2004; Cartagena et al., 2008; Petrov et al., 2019a).
CYP46A1 converts cholesterol to 24-hydroxycholesterol
(24HC), a transportable form of cholesterol from the
brain into the systemic circulation and a biologically ac-
tive oxysterol that can interact with different proteins
and receptors such as liver X receptors and N-methyl-p-
aspartate receptors (Lutjohann et al, 1996; Bjorkhem
et al., 1998; Janowski et al., 1999; Lund et al., 1999;
Meaney et al., 2002; Paul et al., 2013). Studies in mice
showed that increases in CYP46A1 activity by genetic or
pharmacologic means are beneficial in the models of
Alzheimer’s and Huntington’s diseases, Niemann-Pick dis-
ease type C, spinocerebellar ataxia, depression and glio-
blastoma (Hudry et al, 2010; Burlot et al, 2015;
Boussicault et al., 2016; Mast et al., 2017b; Patel et al.,
2017; Han et al., 2019; Kacher et al., 2019; Mitroi

et al., 2019; Nobrega et al., 2019; Petrov et al., 2019b).
A clinical trial is on-going in people with Alzheimer’s dis-
ease to evaluate CYP46A1 activation by efavirenz (EFV),
a reverse transcriptase inhibitor and anti-HIV drug
(ClinicalTrials.gov, NCT03706885). Another clinical trial
is also in progress (ClinicalTrials.gov, NCT03650452) to
test whether CYP46A1 inhibition by soticlestat (TAK-
935/0V935), an experimental pharmaceutical, will miti-
gate excessive neuronal excitation in children with fre-
quent seizures due to rare genetic diseases.

Modulation of CYP46A1 activity in animal studies was
found to affect various biological processes (Hudry ez al.,
2010; Burlot et al., 2015; Boussicault et al., 2016;
Kacher et al., 2019; Mitroi et al., 2019; Nobrega et al.,
2019). Hence, we proposed the sterol flux hypothesis as
sterol flux was a common process modulated in the brain
of these animals (Petrov et al., 2020). Indeed, enhanced
CYP46A1 activity or CYP46A1 lack lead to a compensa-
tory increase and decrease, respectively, in the rates of
cholesterol biosynthesis and turnover and thereby the rate
of sterol flux through the plasma membranes (Lund
et al., 2003; Mast et al., 2017b; Petrov et al., 2019a).
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The latter in turn could alter the physico-chemical prop-
erties of the plasma membranes and membrane-dependent
events (Petrov et al., 2020), thus unifying the multiple
CYP46A1 activity effects. Studies on synaptosomal frac-
tions isolated from the brain of mice with increased and
decreased sterol fluxes provided support for this hypoth-
esis by showing opposite changes in membrane ordering,
thickness, resistance to osmotic stress and cholesterol ac-
cessibility. Also, the rate of sterol flux was found to af-
fect the exocytotic glutamate release and protein
phosphorylation via changes in the activity of different
protein kinases and phosphatases (Petrov et al., 2020).

The on-going clinical trial of EFV in patients with
Alzheimer’s disease is based on our preclinical studies of
SXFAD mice (an Alzheimer’s disease model), which
received the drug at 0.1mgkg of body weight/day, a
much smaller dose than that given to HIV-positive indi-
viduals (600 mg/day). The drug administration was either
from 1 to 9 months of age, denoted as the first treatment
paradigm, or from 3 to 9 months of age, denoted as the
second treatment paradigm (Mast et al., 2017b; Petrov
et al, 2019a). In both treatments, EFV enhanced
CYP46A1 activity, increased brain cholesterol turnover,
and improved mouse performance in the Morris water
maze test. The effects on the amyloid f levels (Af), astro-
cyte and microglia activation and expression of essential
synaptic proteins were the treatment paradigm-specific
(Petrov et al., 2019b) with both age (or initial A load)
and treatment duration appearing to determine in part
the outcome of treatment.

When given to humans daily at 600 mg, EFV carries a
risk of neuropsychiatric complications, usually mild to
moderate and often transient, and alters the plasma lipid
profile (Sension and Deckx, 2015; Dalwadi et al., 2016).
Some of these effects could be reproduced in rodents at
drug doses >10 mg/kg body weight/day (Tohyama et al.,
2009; Apostolova et al., 2015, 2017). The mechanisms
for EFV side effects are not totally clear but are sug-
gested to include its interactions with specific neurotrans-
mitter and nuclear receptors (Faucette et al., 2007; Gatch
et al., 2013; Sharma et al., 2013; Dalwadi et al., 2016;
Narayanan et al, 2018). Accordingly, even at a very
small dose, as that used in our studies, EFV can still
interact with proteins other than CYP46A1 and elicit
CYP46A1-independent effects. Therefore, herein, we gen-
erated Cyp46al~'~5XFAD mice which lacked CYP46A1
and hypothesized that CYP46A1-dependent effects should
only be observed in EFV-treated SXFAD mice, whereas
CYP46A1l-independent effects will be present in both
EFV-treated SXFAD and Cyp46al~~5XFAD animals.
Also, we assumed that the Af load will not confound
our Cyp46al~~"5SXFAD to SXFAD mice comparisons as
Cyp46al ablation did not affect amyloid formation in
another mouse model of Alzheimer’s disease (Halford
and Russell, 2009). Indeed, we identified CYP46A1-de-
pendent and independent effects of EFV treatment and
unexpectedly revealed new CYP46A1 roles in the brain.
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Materials and methods

SXFAD'¥"” mice are hemizygous for the mutant (K670N,
M671L, 1716V and V717I) human amyloid precursor
protein 695 and mutant (M146L and 1286V) human
presenilin 1. This genotype was obtained by crossing
SXFAD'®" males with wild type B6SJL females, both of
which were from The Jackson Laboratory. Only F1 gen-
eration of hemizygous animals was then used, which start
to develop Af deposits and behavioural deficits from 2
and 4 months of age, respectively (Oakley et al., 2006;
Ohno et al., 2006). Cyp46al~'~ females were obtained
as described (Mast et al., 2017a) from Cyp46al™*" mice
on the mixed CS57BL/6]J; 129S6/SvEv background pro-
vided by Dr. David Russell (UT Southwestern) (Lund
et al., 2003). Cyp46al~"~ females were crossed with F1
SXFAD"® males and then Cyp46a™ SXFAD'#" mice
were crossed to one another to obtain Cyp46al~’
“SXFAD"#° mice. EFV treatment was as described for
the second treatment paradigm (Petrov et al., 2019a), i.e.,
from 3 to 9months of age at a 0.1 mg/kg body weight/
day drug dose delivered in drinking water. All animals
were maintained in a temperature and humidity-con-
trolled environment with 12-h light-dark cycle with
standard rodent chow and water provided ad libitum. All
animal experiments were approved by the Institutional
Animal Care and Use Committee and conformed to rec-
ommendations of the American Veterinary Association
Panel on Euthanasia. Both female and male mice were
used. Littermates were selected from the pool of all avail-
able animals and randomly assigned to either the control
or treatment group, which were matched by size, age (3
months old) and gender. Sample size was based on previ-
ous experience. Experimenters were not blinded with re-
spect to mouse genotype or EFV treatment.

This was as described (Petrov et al., 2019a) after an
overnight fasting. Briefly, if used for histochemistry, i.e.
Thioflavin S (ThioS) stains, mice were anaesthetized and
perfused through the heart with phosphate buffer saline
(30ml, 1ml/min) followed by 4% paraformaldehyde in
phosphate buffer saline (30 ml, 1ml/min). For all other
experiments, mice were euthanized by cervical dislocation.
The brains were rinsed in cold phosphate buffer saline,
blotted, and dissected along the midline following re-
moval of both the cerebellum and brainstem. Right hemi-
spheres were designated for sterol quantifications, western
blots or whole transcriptome sequencing (RNA-Seq),
whereas left hemispheres were always used for AB pep-
tide measurements by ELISA, qRT-PCR or ultrastructural
analysis of synaptosomal fractions by transmission elec-
tron microscopy. These hemisphere assignments were ran-
dom but consistent within the study. The isolation of
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synaptosomal fractions, ThioS stains, western blots,
ELISA (Human Ap40 and Ap42 ELISA kits, Invitrogen,
KHB3481 and KHB3441, respectively), qRT-PCR and
transmission electron microscopy were all carried out as
described (Mast et al., 2017b; Petrov et al., 2019a;
Petrov et al., 2020). The antibodies and primers used are
summarized in Supplementary Tables land 2.

Free and total content (the latter is a sum of the unesteri-
fied and either esterified or sulfated form) were measured
by gas chromatography-mass spectroscopy using deuter-
ated sterol analogues as internal standards (Mast et al.,
2011). A cohort of control and EFV-treated SXFAD mice
different from that described previously (Petrov et al.,
2019a) was used for these measurements. Sample saponi-
fication to determine the esterified sterol content or sol-
volysis to measure the extent of the sterol sulfation were
as described (Liere et al., 2004; Mast et al., 2011).

ThioS stains were with 1% aqueous solution (Sigma-
Aldrich) as described (Mast et al., 2017b). All images
were acquired on a NanoZoomer S60 Digital slide scan-
ner (Hamamatsu) and were analysed by the QuPath
(v0.2.0 M9) software (Bankhead et al., 2017) for the
total number and combined area of the ThioS-positive
cells. Only signals at a threshold of 25 arbitrary units, a
shape factor of >0.2, and the size of plaques from 50 to
200 pm?* were considered for the quantifications.

This was conducted on brain homogenates by BGI
Americas as described (Jiang et al., 2020; Zhou et al.,
2020). See Supplementary material for details.

Data from all available brains were used. There were no
exclusion of statistical outliers. Data represent the mean
+ SD; the sample size is indicated in each figure or fig-
ure legend. Either a two-tailed, unpaired Student’s #-test,
two-way ANOVA followed by Bonferroni post hoc com-
parisons or mixed-effects model from the GraphPad
Prism (GraphPad) software were used. Statistical signifi-
cance was defined as *P<0.05; **P<0.01;
***P<0.001.

The authors confirm that the data supporting the findings
of this study are available upon request.
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Results

Cholesterol, 24-hydroxycholesterol and 13 other sterols,
which are present in the brain (Fig. 1), were quantified in
five groups of animals: B6SJL mice, a background strain
for SXFAD mice; control SXFAD mice; EFV-treated
SXFAD mice; control Cyp46al~’~5XFAD mice; and
EFV-treated Cyp46al~’~5XFAD mice (Fig. 2A). We also
measured cholesterol and steroid sulfation, cholesterol
esterification as well as sitosterol and campesterol, the
dietary plant sterols and markers of the integrity of the
blood-brain barrier, which is normally impermeable to
cholesterol (Lutjohann et al., 2002; Vanmierlo et al.,
2012).

The sitosterol and campesterol levels were low in the
brain of B6SJL mice but increased more than 3- and 70-
fold in the brain of control SXFAD and Cyp46al~’
“5XFAD mice, respectively. EFV treatment reduced the
sitosterol levels in SXFAD mice (by 24%) but not in
Cyp46al~'~SXFAD mice and had no effect on campes-
terol levels. Apparently, both lines of control and EFV-
treated transgenic animals had a dysfunction of the
blood-brain barrier.

Lathosterol and desmosterol are the cholesterol precur-
sors (Fig. 1) and markers of cholesterol biosynthesis in
the neurons and astrocytes, respectively (Nieweg et al.,
2009). In control S5XFAD versus B6SJL mice, the levels
of lathosterol and desmosterol were increased, whereas in
control Cyp46al~'~5XFAD mice versus B6SJL mice, the
lathosterol and desmosterol content was decreased
(Fig. 2A). EFV treatment further increased the lathosterol
and desmosterol levels in SXFAD mice and had no effect
on the lathosterol levels in Cyp46al~~5XFAD mice,
while decreasing their desmosterol levels. Thus, mechanis-
tically, control 5XFAD mice had an upregulation of the
brain cholesterol biosynthesis, whereas control Cyp46a1~"
“5XFAD mice had a cholesterol biosynthesis decrease
(Fig. 2B). EFV treatment enhanced CYP46A1-mediated
cholesterol elimination and thereby further increased chol-
esterol biosynthesis in SXFAD mice (Fig. 2C) but had an
opposite effect on cholesterol biosynthesis in Cyp46al "’
“5XFAD mice (Fig. 2D).

In the brain, cholesterol is mainly present in the free
form with esterified and sulfated forms representing less
than 10% and 0.1% of the total cholesterol content, re-
spectively (Liu et al., 2003; Bjorkhem and Meaney, 2004;
Karu et al., 2007). B6SJL, control 5SXFAD and control
Cyp46al~'~SXFAD mice had similar content of free,
esterified and sulfated cholesterol, and free cholesterol
was the major sterol form in these groups (Fig. 2A). EFV
treatment did not affect the levels of free and esterified
cholesterol in SXFAD mice, but significantly decreased
the levels of free and hence total cholesterol in
Cyp46al~'~SXFAD mice. Apparently, EFV treatment did
not disturb cholesterol homeostasis in SXFAD mice as
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they continued to maintain the same steady-state choles-
terol levels as control SXFAD mice but dysregulated chol-
esterol homeostasis in Cyp46a1~'~SXFAD mice (Fig. 2C,
D).

24-Hydroxycholesterol, the CYP46A1 product, was
present at the same levels in B6SJL and control 5XFAD
mice but was not detectable in control Cyp46al~’
“S5XFAD mice, which do not express CYP46A1
(Fig. 2A). EFV treatment increased the 24-hydroxycholes-
terol levels in SXFAD mice and did not lead to any

detectable 24-hydroxycholesterol in Cyp46al~'~SXFAD
mice. Thus, we confirmed our previous findings (Mast
et al., 2017b; Petrov et al., 2019a) that EFV treatment
activates CYP46A1 in SXFAD mice and that in our
Cyp46a1~~"5XFAD mice, functional CYP46A1 was in-
deed absent.

CYP27A1 catalyses the C27-hydroxylation of different
sterols including cholesterol (Wikvall, 1984; Okuda et al.,
1988) (Fig. 1). Normally, 27-hydroxycholesterol does not
the into the systemic circulation

flux from brain
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(Lutjohann et al., 1996). Instead, there is a flux of 27-
hydroxycholesterol as well 7a-hydroxy-4-cholestene-3-one,
a liver cholesterol metabolite, from the systemic circula-
tion to the brain, where the two sterols are further
metabolized by CYP27A1 to 7a-hydroxy-3-oxo-4-choles-
tenoic acid (Heverin et al., 2005; Meaney et al., 2007)
(Fig. 1). 27-Hydroxycholesterol was below the detection
limit in all five animal groups but 7a-hydroxy-4-choles-
tene-3-one was quantifiable and present at the same levels
in all animals including those treated by EFV (Fig. 2A).
In contrast, 7a-hydroxy-3-oxo-4-cholestenoic acid was
significantly increased in control Cyp46al~'~5XFAD ver-
sus B6SJL mice, and EFV treatment further increased this
sterol levels. Apparently, lack of cholesterol 24-hydroxyl-
ation in control Cyp46al~'~SXFAD versus B6SJL mice
upregulated the CYP27A1-mediated sterol hydroxylation
(Fig. 2B), and EFV treatment further enhanced this path-
way while simultaneously decreasing the rate of choles-
terol biosynthesis in Cyp46al~'~5SXFAD mice (Fig. 2D).
This led to the uncoupling of cholesterol elimination and
biosynthesis and thereby disruption of the brain choles-
terol homeostasis in EFV-treated Cyp46al~’~5XFAD
mice.

25-Hydroxycholesterol is generated by cholesterol 25-
hydroxylase (Fig. 1) as well as some other enzymes
including CYP27A1 and represents a quantitatively minor
product of cholesterol elimination from the brain (Lund
et al., 1998; Diczfalusy, 2013). The 25-hydroxycholes-
terol levels were increased in all groups of transgenic
mice and were not affected by EFV treatment (Fig. 2A).
Thus, animals with increased cholesterol biosynthesis
(control SXFAD mice) or lacking cholesterol 24-hydroxyl-
ation (control Cyp46al'~SXFAD mice) also had
increased  cholesterol  25-hydroxylation  (Fig.  2B).
Conversely, EFV-treated SXFAD and Cyp46al~'~5XFAD
mice, which had increases in cholesterol 24-hydroxylation
and C27-hydroxylations, respectively, had their 25-
hydroxycholesterol levels unchanged (Fig. 2C and D).

CYP11A1 converts cholesterol to pregnenolone (Fig. 1),
the first step in the biosynthesis of all steroid hormones
(glucocorticoids, mineralocorticoids and sex hormones),
and a quantitatively minor pathway of cholesterol metab-
olism in the brain (Mellon and Griffin, 2002; Hojo and
Kawato, 2018). In B6SJL mice, the majority of pregneno-
lone was in the form of free steroids with pregnenolone
sulfate representing ~10% of the total pregnenolone con-
tent (Fig. 2A). Notably, in control SXFAD mice, the sul-
fated and total pregnenolone levels were increased as is
the free pregnenolone content in control Cyp46al~’
“5XFAD mice. EFV treatment reduced the levels of both
free and sulfated pregnenolone in SXFAD mice and only
the levels of sulfated pregnenolone in Cyp46al~'~5XFAD
mice without affecting their total pregnenolone content.
Thus, control SXFAD versus B6SJL mice had simultan-
eous increases in cholesterol biosynthesis, the levels of
25-hydroxycholesterol and pregnenolone but unchanged
metabolism by CYP46A1 (Fig. 2B). EFV treatment
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further increased their cholesterol biosynthesis and the
24-hydroxycholesterol levels but reduced the pregneno-
lone production (Fig. 2C). Control Cyp46al~'~5XFAD
versus B6S] mice had a decreased cholesterol biosynthesis
but the upregulation of the CYP27A1-, cholesterol 25-
hydroxylase- and CYP11A1-dependent cholesterol metab-
olism (Fig. 2B). EFV treatment further decreased choles-
terol biosynthesis and increased CYP27A1-mediated
hydroxylation (Fig. 2C).

Progesterone and dehydroepiandrosterone (DHEA) are
the metabolites of pregnenolone, which are further con-
verted into corticosteroids and sex hormones (Fig. 1). We
could not detect progesterone in any groups of our mice
but were able to quantify DHEA (Fig. 2A). Both control
SXFAD and Cyp46al~'~5SXFAD mice had a reduction in
the free DHEA levels as compared to B6SJL mice, and
EFV treatment further reduced the free steroid levels in
both genotypes. As in the case of pregnenolone, the ex-
tent of DHEA sulfation was the smallest in B6SJL mice
(2%) and the largest in control SXFAD mice (63%) with
EFV treatment reducing the content of both sulfated and
total DHEA (Fig. 2A). Testosterone, the primary male
sex hormone, was not detectable in any groups of tested
mice, whereas oestradiol, the primary female sex hor-
mone, was quantifiable and was mainly unesterified in all
mice except control SXFAD animals. As compared to
B6SJL mice, the total oestradiol levels were unchanged in
control SXFAD mice but were decreased in control
Cyp46al~'~5SXFAD. EFV treatment reduced the levels of
sulfated and free oestradiol in SXFAD mice while not
affecting the hormone levels in Cyp46a1~'~5XFAD mice.
Apparently, the SXFAD genotype increased the extent of
pregnenolone, DHEA and oestradiol sulfation, whereas
CYP46A1 lack (the Cyp46al~~5XFAD genotype)
exerted an opposite effect.

The quantifications were carried out by ELISA on brain
homogenates and by ThioS stains on brain cryosections.
EFV treatment of Cyp46al~'~5XFAD mice did not seem
to alter either their levels of soluble or insoluble Ap40
and Ap42 peptides (Fig. 3) or the number and area of
the ThioS-positive plaques in the cortex and hippocampus
(Fig. 4). For comparison, in EFV-treated SXFAD mice,
the levels of soluble or insoluble Af40 and ApB42 pepti-
des were also unchanged, yet the number and area of the
ThioS-positive plaques was decreased by 17-20% (Petrov
et al., 2019a). In addition, the levels of soluble and insol-
uble AB40 peptides were higher in control and EFV-
treated SXFAD mice than the respective groups of
Cyp46a1~"~5XFAD mice, yet their total A load was un-
changed as the Ap42 species are predominant in the
SXFAD genotype (Supplementary Table 3).


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa180#supplementary-data

8 | BRAIN COMMUNICATIONS 2020: Page 8 of 16

The levels of glial fibrillary acidic protein (a marker for
astrocyte activation), ionized calcium-binding adaptor
molecule 1 (Ibal, a marker for microglia activation) as
synaptic proteins (Muncl13-1, PSD-95,
gephyrin, synaptophysin, synapsin-1 and calbindin) were
quantified in brain homogenates by western blot. These
were the same eight proteins that were previously eval-
uated in SXFAD mice from the two treatment paradigms
(Petrov et al., 2019a, b). The quantification of the basal
protein expression in control Cyp46al~’~5XFAD versus
SXFAD mice (Fig. 5) revealed that the expression of five

well as six
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Figure 3 EFV effects on the amyloid f§ (Ap) species in
Cyp46al ~'"5XFAD mice. The content of soluble and insoluble
AP peptides was quantified by ELISA. The results are the mean *
SD of individual measurements of brain homogenates (n = 6 female
and 7-8 male mice per group). Statistical analysis: mixed effects
model followed by Bonferroni multiple comparisons. No significant
differences were found between control (Cntr) and EFV-treated
(Tx) mice when female and male mice were analysed as one group
or separately.

>

Cntr Cyp46a1“5XFAD

Cortex

Thioflavin S, Propidium lodide

Hippocampus

Tx Cyp46a1*5XFAD

30 028 .
T _ T
. o
15 0.14-
0-' 0.00-

N. Mast et al.

proteins was decreased from 1.4- to 1.5-fold (glial fibril-
lary acidic protein, gephyrin and synapsin-1) to non-de-
tectable (Munc13-1 and PSD-95). Two proteins
(synaptophysin and calbindin) were expressed at the same
levels, and one protein (Ibal) had a 1.7-fold increase in
expression. Thus, the astrocyte activation was decreased
in the control Cyp46al~'~SXFAD versus SXFAD brains,
whereas the microglia activation was increased. In add-
ition, both presynaptic (Munc13-1 and synapsin-1) and
post-synaptic (PSD-95) proteins had decreases in expres-
sion in the control Cyp46a1~'~5XFAD brains. EFV treat-
ment of Cyp46a1~'~5XFAD mice did not seem to change
the expression of the tested proteins (Fig. 6A-H), which
was in contrast to changes in protein expression of glial
fibrillary acidic protein, Ibal, Munc13-1, PSD-95 and
synapsin-1 in EFV-treated 5XFAD from the second treat-
ment paradigm (Fig. 6I). These changes could thus de-
pend on CYP46A1 and its activity increase.

Munc13-1 is essential for synaptic vesicle priming, and
PSD-95 is abundant in post-synaptic density (Migaud
et al., 1998; Augustin et al., 1999). Simultaneous pro-
found decreases in the expression of these two proteins
in control Cyp46al~"5XFAD versus SXFAD mice
(Figs 5 and 6) prompted further studies. These were
assessments by transmission electron microscopy of syn-
aptic contacts in synaptosomal fractions isolated from
three groups of mice: control SXFAD, control Cyp46al~’
“5XFAD mice and EFV-treated Cyp46a1~'~5XFAD mice.
The focus was on the glutamatergic or asymmetric type 1
synapses, where Munc13-1 and PSD-95 are expressed,
which have axons with round or spherical vesicles, and
the postsynaptic membrane bordered on the cytoplasmic
side by a thick dense opacity (Colonnier, 1968). Overall,
the appearance of asymmetric synapses from all three

B Cyp46a1*5XFAD
Cntr (n=4) WETx (n=3)

0.28+

o

Number of plaques/mm?
Area of plagues, %

154 0.14

0- 0.00-

Figure 4 EFV effects on the number and area of the Thioflavin S-positive plaques. (A) Representative images of the stained brain
sections from control (Cntr, 2 male and 2 female mice) and EFV-treated (Tx, | female and 2 male mice) groups; nuclei were stained with
propidium iodide and falsely coloured in blue. (B) Quantifications of the Thioflavin S-positive plaques. Area of plaques is expressed as a
percentage from the total area of either cortex or hippocampus. Statistical analysis: an unpaired, two-tailed Student’s test. No significant
differences were found between Cntr and EFV-treated Tx groups. Scale bars, 100 uM.
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Figure 5 Brain expression of synaptic proteins in control
mice. (A-H) Representative western blots (n =4-5 male mice per
group) of brain homogenates from 5XFAD and Cyp46al '~ 5XFAD
male mice. Each lane, except those with molecular weight markers,
represents a sample from an individual animal. (I) Quantification of
the relative protein expression in (A-H). Protein expression in
each sample within a group was first normalized to the B-actin
expression followed by the calculation of the mean value of the
protein expression within a group. This mean value was then
normalized to the mean value of the protein expression in control
5XFAD mice, which was taken as one. The results the mean = SD
of the measurements in individual mice. Statistical analysis: a two-
tailed, unpaired Student’s test. *P < 0.05; **P < 00.1.
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Figure 6 EFV effects on brain expression of synaptic
proteins in Cyp4éal ~'“"5XFAD mice. (A—H) Representative
western blots (n =4-5 per group) of brain homogenates from
control (Cntr) and EFV-treated (Tx) Cyp46al ~'~5XFAD male mice.
Each lane, except those with molecular weight markers, represents
a sample from individual animal. (I) A comparison of the relative
protein expression in EFV-treated versus control mice of different
genotypes. Data for 5XFAD mice from the second treatment
paradigm (2TP) are taken from Petrov et al. (2019a) and those for
Cyp46al ~'~5XFAD mice represent the quantifications of protein
expression in (A-H) as described in Fig. 5. Statistical analysis: a
two-tailed, unpaired Student’s test. *P < 0.05; **P < 00.1,

*#P < 0.001.

Fig. 1). This result is consistent with morphologically

groups of mice seemed to be similar with docked vesicles
on the presynaptic membrane and patches of a thick opa-
city fused to the post-synaptic membrane (Supplementary

normal synapses in Munc13-1""" mice, most of which
are, however, incapable of neurotransmission (Augustin
et al., 1999), and unaffected morphology of synapses in


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa180#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa180#supplementary-data
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Psd-95~'~ mice, which, nevertheless, have impaired learn-
ing (Migaud et al., 1998).

RNA-Seq and gRT-PCR of brain homogenates were
used. RNA-Seq detected 19 907 and 18 273 genes in the
brain of SXFAD and Cyp46al~'~SXFAD mice, respect-
ively (Supplementary Fig. 2). Of them, 173 genes in
SXFAD mice and 189 genes in Cyp46al~'~5XFAD mice
had at least a 2.0-fold difference in expression (an arbi-
trary cut off) between EFV-treated and control groups
and g of < 0.05 (Supplementary Tables 4 and 5). In
EFV-treated versus control 5XFAD mice, 71 and 102 of
the differentially expressed genes were upregulated and
downregulated, respectively. In EFV-treated versus control
Cyp46a1~"~5XFAD mice, increased and decreased expres-
sion was found for 46 and 143 genes, respectively.
Overall, genes affected by EFV treatment did not overlap
in SXFAD and Cyp46al /"5XFAD mice except
Pdcdllg2, Becn2, Podnll and Fam83c (Supplementary
Fig. 2). Pdcd1lg2 was upregulated and Becn2 was down-
regulated in both genotypes, whereas Podnll and
Fam83c had opposite changes in expression in EFV-
treated SXFAD or Cyp46al~/~5XFAD mice versus their
respective controls.

A total of 82 genes were then quantified by qRT-PCR.
They included 63 genes which had altered expression in
RNA-Seq either in EFV-treated versus control SXFAD
mice, EFV-treated versus control Cyp46al~'~5XFAD mice
or both (Supplementary Tables 4 and 5). Plus 19 genes
were selected additionally by us based on the results of ster-
oid quantifications (Fig. 2) and the reported EFV effects on
the vitamin D3 metabolism (Supplementary Fig. 3). Changes
in the expression of the latter 19 genes were not statistically
significant in RNA-Seq. The measurements by gRT-PCR
documented altered expression of 48 from 63 genes indi-
cated by RNA-Seq and 18 of 19 genes selected by us
(Figs 7 and 8). Next, the directionality of changes in EFV-
treated SXFAD and Cyp46al~’~5XFAD mice versus their
corresponding controls was compared to identify Cyp46al-
dependent and independent effects; the algorithm for this
determination is shown in Fig. 7A. The Cyp46al-dependent
changes were observed for more than a half of the genes
from the neuroprotection, neurogenesis, synaptic function,
and apoptosis groups (Figs 7B and 8). The Cyp46al-inde-
pendent changes were found for all of the tested genes in
the cholinergic neurotransmission group and for more than
a half of the genes in the groups pertaining to monoami-
nergic and peptidergic neurotransmission, homeostasis of
sulfated steroids, steroidogenesis, vitamin D3 and other
genes (Figs 7B and 8). In addition, an about equal split be-
tween Cyp46al-independent and depended changes in the
gene expression in EFV-treated mice of both genotypes was
documented for the inflammation and immune response
group. Overall, of the 82 genes quantified by qRT-PCR, 49
and 26 had changes in the expression as a result of EFV

N. Mast et al.

treatment independent and dependent of CYP46A1, respect-
ively, and 5 genes had either unchanged or undetectable ex-
pression. This statistics suggested that EFV could act as a
transcriptional modulator.

Discussion

Herein, we continued to investigate the CYP46A1 role in
the brain and contribution to EFV treatment effects. By
using brain homogenates, we studied the CYP46A1 sig-
nificance at the whole organ level, yet have to acknow-
ledge that lack of changes in brain homogenates does not
exclude changes in specific cell populations which could
remain undetected. Our sterol and steroid characteriza-
tions revealed a tight coupling between cholesterol bio-
synthesis and cholesterol metabolism not only by
CYP46A1 but also by CYP27A1, cholesterol 25-hydroxy-
lase and CYP11A1, the other cholesterol hydroxylating
enzymes (Fig. 2B-D). Normally, the three hydroxylases
utilize only little of brain cholesterol but their activities
are important as they generate biologically active mole-
cules (Janowski et al., 1999). Hence, uncovering that the
activity of all four cholesterol hydroxylases in the brain
is tightly coordinated provides mechanistic insight into
how the brain levels of some of the biologically active en-
dogenous compounds (e.g. 25-hydroxycholesterol, DHEA
and progesterone) could be regulated.

We linked cholesterol metabolism by CYP46A1 to the
pregnenolone production by CYP11A1 (Fig. 2C) and
hence steroidogenesis as pregnenolone formation is a
rate-limiting step in the biosynthesis of all steroid hor-
mones (Stone and Hechter, 1954). We also documented
that the total pregnenolone levels (Fig. 2A) did not al-
ways correlate with the Cyp11al basal expression in con-
trol SXFAD and Cyp46al~'~SXFAD mice versus B6SJL
mice (Fig. 8). Similarly, there was no clear correlation be-
tween increased Cypllal expression in EFV-treated ver-
sus control mice of both genotypes and their
pregnenolone production. In the adrenals, the rate-limit-
ing factor for pregnenolone production is cholesterol de-
livery to the inner mitochondrial membrane where
CYP11A1 resides, whereas in the placenta, this factor is
electron delivery to CYP11A1 (Crivello and Jefcoate,
1980; Tuckey, 2005). Our data (Fig. 2B-D) suggest that
cholesterol availability for steroidogenesis could be a
post-translational regulator of pregnenolone production in
the brain.

The EFV effect on the levels of DHEA and oestradiol
(Fig. 2A) is another important finding as steroid hor-
mones, including DHEA, are tested as brain therapeutics
due to involvement in a myriad of brain functions by act-
ing as allosteric modulators of neurotransmitter receptors,
ligands for specific steroid receptors and non-genomic
regulators (Baulieu, 1997; Porcu et al., 2016; Diotel
et al., 2018; Murakami et al., 2018). Yet, brain delivery

of neuroactive steroids as pharmacologic agents is


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa180#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa180#supplementary-data
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Figure 7 EFV effects on brain expression of genes related to neurons. Gene symbols are as designated in the National Center for
Biotechnology Information’s gene database. (A) The algorithm for determination of CYP46A |-independent (yellow box) and dependent (violet
box) EFV effects. Upwards (1), downwards (]) and left-right (<) arrows indicate increases, decreases and no change in gene expression,
respectively, as compared to the corresponding control group. (B) Relative gene expression as assessed by qRT-PCR. The results are the mean *+
SD of individual measurements of brain homogenates (n = 3 male mice per group). Each gene expression was first normalized to the Gapdh
expression and then averaged. This mean value was then normalized to the mean value of the gene expression in BSJL mice, which was taken as
one. Statistical analysis: an unpaired, two-tailed Student’s test. *P < 0.05; **P < 00.1, ***P < 0.001 versus the corresponding control group. The Ct
numbers for the B6SJL strain are indicated above bars. Cntr = control (vehicle-treated mice); Tx = EFV-treated mice.

challenging due to systemic effects, low bioavailability for
the brain and potential for addiction in addition to safety
and tolerability issues (Porcu et al., 2016). Hence, modu-
lation of brain steroidogenesis in situ by EFV treatment
could be a novel therapeutic option for treatment of at
least some of the pathologic conditions in the brain
(Goncharov and Katsya, 2013; Tang et al., 2015).

We documented that similar to EFV-treated versus con-
trol SXFAD mice (Petrov et al., 2019a), EFV-treated ver-
sus control Cyp46al~’~5XFAD mice did not have a
change in the levels of the individual Af species as
assessed by ELISA (Fig. 3). Yet, the absolute levels of the
AP40 peptides were decreased in the Cyp46al~'~SXFAD

versus SXFAD genotype (Supplementary Table 3).


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa180#supplementary-data

12 | BRAIN COMMUNICATIONS 2020: Page |2 of 16

B6SIL
Cntr 5XFAD
= Tx 5XFAD .
7.00  Cntr Cyp46a1+ 5XFAD 3
W Tx Cyp46a1+* 5XFAD |

N. Mast et al.

Inflammation and Imnmune Response

LS 3 %

[7}]

[0

>

2 4.0- Steroid Sulfation
<<

Z

m -
E i
b 2.0 [ *

2 N & o b 8o Qe Q135

s *“':-f*w:#'i:"élum e
a i ] * g Bk ¥ i

= 0.0 il irbl i

A I o Noogf 1 N
N\ \Q rp ‘bﬁ N {{l’ 0
SR G M A & o o
4 ,E Steroidogenesis 56 Vltamln D,
i . : I
al 3 1.5—
. i 8 SO o E J.5@
u’.u*:- 3 CO“ = o o BN :r g B
BEEd Glen gis I?’rg 1i T lc? * ; ) ’}'*‘-
e il Uil 51 il ]
0= -
c.h :\'?;\ (\@-\ -z's\ *\eéy\ %65@ 9@@\ "l>- q\°
o of o ¥ o%? N

Figure 8 EFV effects on brain expression of genes related to general biological processes. Relative gene expression in brain
homogenates as assessed by qRT-PCR. The results are the mean = SD of individual measurements (n = 3 male mice per group). The
normalization of gene expression and box colour code are as in Fig. 7. Statistical analysis: an unpaired, two-tailed Student’s test. *P < 0.05;

P < 00.1, **P < 0.001 versus the corresponding control group. The Ct numbers for the B6S|L strain are indicated above bars. Cntr = control

(vehicle-treated mice); Tx = EFV-treated mice.

Furthermore, EFV-treated versus control Cyp46al~’
“5XFAD mice did not have a change in the number and
area of the ThioS-positive plaques in the cortex and
hippocampus (Fig. 4). In contrast, EFV-treated versus
control SXFAD mice had such a decrease (Petrov et al.,
2019a). Thus, there seem to be links between CYP46A1
and the ApB burden.

The present study found that in control Cyp46al~’
“5XFAD versus SXFAD mice (Fig. 5), there was a pro-
found decrease in the expression of Munc13-1, an im-
portant pre-synaptic protein (Augustin et al., 1999), and
PSD-95, the major scaffolding protein in the excitatory
postsynaptic density (Migaud et al., 1998). When com-
bined with increases in the Munc13-1 and PSD-95

expression in EFV-treated versus control SXFAD mice
(Fig. 6I), this result is consistent with the CYP46A1-de-
pendent mechanism of expression changes, possibly via
the effect on protein phosphorylation (Petrov et al.,
2020). Indeed, loss of PSD-95 from dendritic spines was
shown to depend on its phosphorylation by calcium/cal-
modulin-dependent protein kinase II (CAMKII) and
glycogen synthase kinase 3f (GSK3p) (Steiner et al.,
2008; Nelson et al., 2013; Patriarchi et al., 2018). In
turn, CAMKII activity could be altered by calcium/cal-
modulin-dependent protein kinase II inhibitor 1
(CAMK2NT1), whose gene expression was altered upon
EFV treatment (under synaptic function, Fig. 7B). The
GSK3 activity could also be changed by EFV as drug
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treatment of SXFAD mice (or increased sterol flux
through the plasma membranes) was shown to abolish
GSK3p engagement in KCl-induced glutamate exocytosis
in synaptosomal fractions isolated from the brain of
these animals (Petrov et al., 2020). Consequently, lack
of CYP46A1 (or decreased sterol flux) could affect
GSK3p activity as well and thereby PSD-95 phosphoryl-
ation and protein content. Further studies are required
to ascertain the interplay between CYP46A1, CAMKII
and GSK3p activities and expression of PSD-95 and
Munc13-1.

EFV-treated SXFAD mice from the first treatment para-
digm had drug effects on multiple processes including
those that relate to inflammation, oxidative stress and
apoptosis (Petrov et al., 2019b). Herein, the Cyp46al-de-
pendent EFV effects also included those on the expression
of genes pertaining to inflammation (Cd226, F7,
Fam19a3, 1l1r12, Nilrp1b, Tlr11 and Trim38), oxidative
stress (e.g. Terc and Gpx2, placed in neuroprotection)
and apoptosis (Tnfrsf25 and Tnkl1) (Figs 7B and 8). In
control  Cyp46al~'"SXFAD versus SXFAD  mice,
CYP46A1 absence affected the basal glial fibrillary acidic
protein and Ibal expression, i.e. astrocyte and microglia
activation, and eliminated the effect of EFV treatment
(Figs SI and 6I). Accordingly, changes in astrocyte and
microglia activation in control Cyp46al~'~5SXFAD versus
SXFAD mice can explain in part the modulation of the
basal expression of some of their inflammatory and im-
mune response genes (Fig. 8) as well as gene response to
efavirenz treatment. Further studies are required to sup-
port this inference.

New groups of genes affected by CYP46A1 activity
increases were identified: those involved in neuroprotec-
tion (Hgd, Kl and Serpinbé6e), neurogenesis (DppaSa,
Gbx2, Histlhle, LgrS and Sox2ot), and synaptic func-
tion (Camk2nl, Ddit4l, Efna4, Grin2b, Ddc and Galr2,
the latter two are under monoaminergic and peptidergic
neurotransmission, respectively, Fig. 7B). Of these newly
identified genes, three (Terc, Camk2nl and Efna4) are
worth further discussion because of their broad biological
importance and the magnitude of expression changes
upon EFV treatment. Terc (telomerase RNA component,
under neuroprotection, Fig. 7B) is a ribonucleoprotein re-
sponsible for the maintenance of telomere length and
thereby genome stability and cellular life span (Gonzalez-
Giraldo et al., 2016). A 6.6-fold upregulation of Terc in
EFV-treated versus control 5XFAD mice and its un-
changed expression in EFV-treated versus control
Cyp46al~'~SXFAD (Fig. 7B) suggest that this EFV effect
is likely protective in SXFAD mice as it may restore the
telomer lengths (Mitchell et al., 1999; Eitan et al., 2014;
Eitan et al., 2016).

Camk2nl (under synaptic function, Fig. 7B) inhibits
CAMKII, a key synaptic signalling molecule for learning
and memory, which was suggested to keep synapses in
an operative range allowing further potentiation (Gouet
et al., 2012). A reduced Camk2nl expression was shown
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to not significantly affect contextual fear long-term mem-
ory formation, whereas an increased expression was
found to impair contextual fear long-term memory for-
mation but not its maintenance (Vigil et al, 2017).
Previously, we found that EFV treatment improved the
short- and long-term contextual fear memory in SXFAD
mice (Petrov et al., 2019a). Accordingly, a 5-fold decrease
and a 4.2-fold increase in the Camk2nl levels in EFV-
treated SXFAD and Cyp46al~'~5XFAD mice, respective-
ly (Fig. 7B) could represent positive and negative EFV
effects.

Efna4 (under synaptic function, Fig. 7B) encodes the
tyrosine kinase ephrin receptor A4, which is essential for
synaptic function as it mediates dendritic spine morpho-
genesis, synapse formation, and maturation (Murai et al.,
2003). A 20-fold Efna4 upregulation in EFV-treated
SXFAD mice (Fig. 7B) could increase receptor availability
and therefore represent a positive effect of drug treatment
(Murai et al., 2003; Chen et al., 2012; Rosenberger
et al., 2014), which, however, is not observed in EFV-
treated Cyp46al~'~5XFAD mice.

Of the CYP46A1-independent EFV effects, the majority
was on the cholinergic, monoaminergic and peptidergic
neurotransmission with all of the key genes involved in
cholinergic neurotransmission being affected by EFV
treatment (Fig. 7B). Overall, EFV treatment downregu-
lated the expression of all studied cholinergic and monoa-
minergic neurotransmission genes, except Slc18a3 and
Htr2b which were upregulated. The downregulation was
moderate (up to 2-fold) in both SXFAD and Cyp46al~’
“5XFAD mice, whereas the upregulation was more sig-
nificant, especially in EFV-treated SXFAD mice (8- or 23-
fold). At a 600 mg/day dose given to humans, many of
the EFV adverse effects are similar to those elicited by ly-
sergic acid diethylamine (Gatch et al, 2013; Dalwadi
et al., 2016; Dalwadi et al., 2018). Therefore, multiple
receptors  (serotonin—5-HT2a,0820,3,65  y-aminobutyric
acid—GABA,; and muscarinic—M, ;) as well as trans-
porters (dopamine and serotonin along with vesicular
monoamine transporter 2) and monoamine oxidase A
were identified, which can bind EFV and contribute to
the drug’s adverse effects (Gatch et al., 2013; Dalwadi
et al., 2016). EFV doses which elicit the lysergic acid-like
effects in mice (>10mg/kg body weight) are much higher
than the 0.1 mg/kg body weight dose used in the present
study. Also, we did not observe head twitching in EFV-
treated mice, a common mouse behavioural proxy of hal-
lucinations in humans (Gatch et al., 2013). Thus, it not
clear whether the moderate EFV effects on the expression
of the neurotransmission genes in SXFAD and
Cyp46a1~'~5XFAD mice indeed altered different types of
neurotransmission.

The CYP46A1-independent EFV effects on the expres-
sion of steroidogenic genes (Fig. 8) were unexpected but
could be explained in retrospect by the coordinated tran-
scription of steroidogenesis (Sewer and Waterman, 2003;
Miller and Bose, 2011) with EFV acting as a common
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transcriptional regulator. To the best of our knowledge,
steroid sulfation has not yet been studied in the brain of
SXFAD mice, and we discovered that more than a half
of the brain pregnenolone and DHEA were sulfated in
this genotype (Fig. 2). This result prompted the qRT-PCR
quantifications of the genes involved in steroid sulfation
as well as the genes of vitamin Dj
(Supplementary Fig. 3). Vitamin D3 was shown to regu-
late the expression of different sulfotransferases as well as
some of the steroidogenic genes and proteins in cell cul-
ture (Dubaisi et al., 2018; Emanuelsson et al., 2018). In
addition, the sulfotransferase expression was shown to be
regulated by constitutive androstane receptor (CAR) and
pregnane X receptor (PXR), which could be activated by
EFV (Faucette et al., 2007; Sharma et al, 2013;
Narayanan et al., 2018) (Supplementary Fig. 3). Indeed,
the expression of all of the sulfation-related genes was
altered (except Cyp27b1 under vitamin D3, Fig. 8) and
consistent with EFV being a transcriptional regulator in
the SXFAD and Cyp46al~~5XFAD brain for at least
some of these genes despite of a very small dose used.
The transcription factors mediating the EFV effect on
gene expression and ultimately steroid sulfation in the
brain remain to be determined.

In conclusion, we generated Cyp46al~'~SXFAD mice
and compared the EFV treatment effects on the brain of
these and SXFAD animals. We revealed the details of the
brain cholesterol biosynthesis-cholesterol metabolism link
and discovered that in the SXFAD brain, CYP46A1 ac-
tivity regulates the production of pregnenolone, likely by
affecting cholesterol availability to CYP11A1, which
converts  cholesterol to  pregnenolone.  Additional
CYP46A1-dependent EFV effects included changes in the
brain levels of such synaptic proteins as Munc13-1, PSD-
95, gephyrin, synaptophysin and synapsin-1 along with
the markers of astrocyte (glial fibrillary acidic protein)
and microglia (Ibal) activation. The change in the PSD-
95 expression was consistent with the effect of the
CYP46A1-dependent sterol flux on the protein phosphor-
ylation by CAMII (possibly via CAMK2NT1) and GSK3p.
The CYP46A1-independent changes mainly included EFV
effects on gene expression, thus suggesting that EFV acts
as a transcriptional regulator even at a small dose used.
Yet, it is not clear whether the gene transcription changes
were translated into protein expression changes and ul-
timately reflected in functionality. This study further con-
firms that CYP46A1 is a key regulator of cholesterol
homeostasis in the brain and that the favourable EFV
effects on behavioural performance of SXFAD mice are
realized via the CYP46A1-dependent mechanism.
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