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Abstract

Efavirenz, the FDA-approved anti-retroviral medication, is evaluated in the clinical trial in patients with mild cognitive impairment or
early dementia due to Alzheimer’s disease. Efavirenz is assessed for activation of cytochrome P450 46A1 (CYP46A1), a CNS-specific
enzyme that converts cholesterol to 24-hydroxycholesterol. Cholesterol 24-hydroxylation is the major pathway for brain cholesterol
removal, and a mechanism that controls brain cholesterol turnover. The present study tested efavirenz on SXFAD mice (an Alzheimer’s
model) at a very low daily dose of 0.1 mg/kg body weight. Efavirenz treatment started from three months of age, after amyloid plague
appearance, and continued for 6 months. This treatment led to CYP46A1 activation in the brain, enhancement of brain cholesterol
turnover, behavioral improvements, reduction in microglia activation but increased astrocyte reactivity. The levels of the soluble and
insoluble amyloid 40 and 42 peptides were unchanged while the number and area of the dense core amyloid plaques were slightly
decreased. The measurements of the brain levels of several pre- and post-synaptic proteins (Muncl3-1, PSD-95, gephyrin,
synaptophysin, synapsin-1, and calbindin-D28k) suggested efavirenz effect at the synaptic level. Efavirenz treatment in the present
work seems to represent a model of behavioral and other improvements independent of the levels of the amyloid peptides and provides
insight into potential outcomes of the future clinical trial.
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Abbreviations NMDAR  N-Methyl-D-Aspartate Receptors

AB Amyloid 3 Peptide PBS Phosphate Buffer Saline

AD Alzheimer’s Disease US Unconditioned Stimulus

APP Amyloid Precursor Protein

CS Conditioned Stimulus

CYP46A1  Cytochrome P450 46A1 Currently, there are no disease-modifying treatments for
EFV Efavirenz Alzheimers’ disease (AD); all therapies are symptomatic and
GABA Gamma-Aminobutyric Acid include inhibitors of cholinesterase as well as memantine, a
GFAP Glial Fibrillary Acidic Protein partial antagonist of N-methyl-D-aspartate receptors
24HC 24-Hydroxycholesterol (NMDAR) and agonist of dopamine D2 receptors [1].
HMGCR  3-Hydroxy-3-Methylglutaryl-CoA Reductase Different targets and pathways are now evaluated for devel-
Ibal lonized Calcium Binding Adaptor Molecule 1 opment of disease-modifying therapies for AD. Among them
LXR Liver X Receptor are studies of cytochrome P450 46A1 (CYP46A1), normally a
MWM Morris Water Maze neuron-specific enzyme responsible for the conversion of cho-
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lesterol to 24-hydroxycholesterol (24HC) [2—4]. Unlike cho-
lesterol, which cannot cross the blood-brain barrier, 24HC
rapidly diffuses out of the brain into systemic circulation and
is delivered to the liver for further degradation to bile acids [2,
5]. In the brain, cholesterol is mainly present in the mem-
branes of compact myelin, which in mice contain ~78% of
the total pool of brain cholesterol. The remaining cholesterol
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(~22%) is found in other plasma membranes including those
of neurons, which could have ~2.2% of total brain cholesterol
[6]. Cholesterol 24-hydroxylation is the major mechanism for
cholesterol elimination from the brain; in addition, this enzy-
matic reaction controls brain cholesterol biosynthesis and
turnover [2, 7]. Indeed, most of brain cholesterol is thought
to be synthesized by astrocytes and delivered to neurons,
where its excess is removed by metabolism to 24HC [8].
Accordingly, decreasing or increasing cholesterol metabolism
to 24HC leads to a compensatory down- or upregulation of
cholesterol biosynthesis to keep the cholesterol levels un-
changed; in addition this response alters the rate of brain cho-
lesterol turnover [7, 9, 10]. Besides the metabolic role,
CYP46A1 may be of a regulatory importance via the produc-
tion of 24HC. Recently, 24HC was discovered to be a positive
allosteric modulator of NMDAR involved in memory and
cognition [11, 12]. 24HC is also a potent activator of liver X
receptors (LXRs), transcription factors that regulate sterol,
fatty acid, triglyceride, and glucose metabolism along with
immune and inflammatory responses in a tissue-specific man-
ner [13—15]. Studies show that LXR activation can promote
synaptic plasticity and increase neurogenesis [16, 17].

There are several associations between CYP46A1 and AD.
First, plasma levels of 24HC are altered in AD: 24HC is
slightly increased during the early disease stage and decreased
with disease progression [18-20]. Second, AD also affects
CYP46A1 distribution in the brain; the disease induces
CYP6A1 expression in reactive glial fibrillary acidic
protein (GFAP)-positive) astrocytes [21-23]. Third, some
but not all linkage studies established the association of poly-
morphisms in CYP46A1 (could be as frequent as 40%) with
AD [24]. Finally, in different mouse models of AD, increasing
the expression of CYP46A1 by genetic means or enhancing
CYP46A1 activity pharmacologically was found to improve
animal performance in behavioral tests and decrease amyloid
B (AP) or tau pathology [10, 25-27]. In contrast, silencing
Cyp46al expression in the hippocampus of adult mice led to
AD-like pathology and was accompanied by a production of
AP peptides along with tau hyperphosphorylation [28, 29].
Yet, in a mouse model of AD, Cyp46al ablation did not mark-
edly affect the rates and extent of amyloid plaque formation
but increased longevity [30].

Previously we discovered that the anti-HIV drug efavirenz
(EFV) interacts with CYP46A1 in vitro and in vivo and allo-
sterically activates the P450 at low concentrations/doses,
while inhibiting the enzyme at high concentrations/doses by
binding to the P450 active site [9, 31]. Then, we chose
5XFAD mice, a model of rapid amyloidogenesis, and started
EFV administration with an activating drug dose of 0.1 mg/kg
body weight immediately after mouse weaning at 1 month of
age [10]. The treatment continued for 8 months (we called the
study 1st treatment paradigm), and animals were evaluated at
5 and 9 months of age, i.e., after 4 and 8 months of treatment,

respectively. At both time points, EFV administration reduced
the levels of AP342 peptide. In addition, the 8-month treatment
improved animal performance in the Morris Water Maze
(MWM) test and reduced the levels of AR40 peptide [10].
Herein, we repeated EFV treatment but started drug adminis-
tration at 3 months of age, when amyloid plagues were already
present in mouse brain [32]. We also shorten the treatment
time to 6 months and called the study 2nd treatment paradigm.
We conducted additional experiments to gain insights into the
mechanisms of beneficial EFV effects. The data obtained
point to changes in the CYP46A 1 expression and distribution,
changes in the levels of synaptic proteins, differential effects
on astrocyte and microglia activation but unchanged A3
levels. We obtained a better understanding of potential out-
comes of our clinical trial (ClinicalTrials.gov,
NCTO03706885). In addition, we generated a model for
studies of the AP level-independent mechanisms for behav-
ioral improvement in transgenic mice, which could be of value
for understanding the known poor correlation between Af3
accumulation and the extent of cognitive impairments in AD
patients [33, 34].

Materials and Methods
Animals

5XFAD mice on B6SJL background were obtained by cross-
ing 5SXFAD hemizygous males with wild type B6SJL females
(stock No: 34840-JAX and 100,012, respectively, The
Jackson Laboratory, Bar Harbor, ME). Only F1 generation
of the SXFAD hemizygotes for the transgenes was used.
Gender-matched B6SJL littermates served as a control. The
Pde6b™" mutation leading to retinal degeneration was bred
out of our colony. Mice were maintained in a temperature
and humidity-controlled environment with 12 h light/12 h
dark cycle in cages with water and food ad libitum. All animal
experiments were approved by the Case Western Reserve
University’s Institutional Animal Care and Use Committee
and conformed to recommendations of the American
Veterinary Association Panel on Euthanasia.

EFV Treatment

The administration of the S-isomer of EFV (Toronto Research
Chemicals Inc., North York, Canada) was in drinking water as
described [9]. Briefly, EVF was added from a 200 mg/l aque-
ous stock containing 0.2% (v/v) Tween 80, and its final con-
centration in drinking water was 0.42 mg/l. Mice drank ap-
proximately 6.0-6.5 ml/day of EFV-containing water from
light-protected bottles, a water amount which equals to about
0.1 mg of EFV/day/kg of body weight for a 25-g mouse. The
treatment started when animals were 3-month old and

@ Springer


http://clinicaltrials.gov

712

A. M. Petrov et al.

continued for 6 months. Control mice, which were littermates
of EF V-treated mice, received vehicle.

Behavioral Tests

5XFAD mice were tested individually as follows: Y-maze at
day 1; MWM at days 2—6; and fear memory tests at days 14
and 15 after the break at days 7—13. These tests were carried
out as described [10]. Briefly, mice were placed in the center
of a Y-shaped maze, which consisted of 3 equal arms with a
35 cm arm length, 6 cm arm width, and 10 cm arm height.
Animals stayed in the Y-maze for 5-12 min until made 20 arm
choices. The alternation rate was then calculated as a degree of
arm entries without repetitions. The MWM test was conducted
in a black round swimming pool with a diameter of 120 cm.
Mice had to find a hidden platform in the pool and were given
three trials per day during five consecutive days; swim time
and distance were recorded by an automated tracking system
(ANY-maze, Stoelting Co., Wood Dale, IL). Latencies (time
from start to platform) at each trial were then pooled into one
day-block of three trials. For the fear memory tests, mice were
placed into a conditioning box (Med Associates Inc., St.
Albans, VT) and trained to associate the auditory conditioned
stimulus (CS; a pure tone of 3 kHz, 80 dB for 30 s) with co-
terminated aversive unconditioned stimulus (US; a footshock
of 0.5 mA for 1 s). This procedure was repeated four times
with 120-s accumulation and 60-s inter-stimulus-interval (fear
conditioning). Context-dependent fear memory was tested
24 h later, when mice were placed into the same chamber,
and their freezing behavior was counted during 5 min in the
absence of CS. Two hours after contextual fear conditioning,
mice were introduced into the chamber with a different odor,
shape, lighting, and their freezing behavior was measured
(cued fear conditioning) during the first 3 min without CS
(non-CS) and then during the second 3 min with CS.

Brain Processing

Mice were fasted overnight and the next morning terminated.
Ifused for histo- and immunohistochemistry stains, mice were
anesthetized and perfused through the heart with phosphate
buffer saline (PBS, 30 ml, 1 ml/min) followed by a perfusion
with 4% paraformaldehyde in PBS (30 ml, 1 ml/min). The
brains were isolated, fixed for 4 days at room temperature in
4% paraformaldehyde in PBS, and placed into 1% parafor-
maldehyde in PBS for storage at 4 °C. If used for Western
blots, sterol quantifications, and ELISA, mice were terminated
by cervical dislocation and their brains were isolated. Brains
were rinsed in cold PBS, blotted, and dissected along the
midline. One hemisphere was used for homogenization
(10%, w/v) in 20 mM Tris-HCI, pH 7.4, containing 250 mM
sucrose, 0.5 mM EDTA, 0.5 mM EGTA, and a cocktail of
protease inhibitors (Complete, Roche, Basel, Switzerland).
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Tissue homogenate was then subjected to centrifugation at
1500 g for 15 min. The supernatant obtained was used either
for Western blots as described below or sterol quantifications
by isotope dilution gas chromatography-mass spectrometry
following sample saponification [35]. Another hemisphere
was used for AP peptide measurements by ELISA as de-
scribed below after the removal of the cerebellum and
brainstem.

Western Blots

Proteins were separated by SDS-PAGE (10-20 pg protein per
lane, 10%, 12% or 4-20% Tris/Glycine gels, Bio-Rad,
Hercules, CA) and transferred to a nitrocellulose membrane
(P/N 926-31,092, Li-Cor Biosciences, Lincoln, NE).
Subsequent membrane processing was as described [36] and
included incubations in the Odyssey blocking buffer (1.5-3 h
at room temperature, #927-40,000, Li-Cor Biosciences,
Lincoln, NE) and solutions of primary (overnight at 4 °C)
and secondary antibodies (1 h at room temperature) in the
Odyssey blocking buffer; 0.1% Tween-20 was added to all
of the solutions. The primary and secondary antibodies are
described in Table 1. Membranes were imaged by an
Odyssey infrared imaging system (Li-Cor Biosciences,
Lincoln, NE).

Elisa

Brain homogenates were prepared as described [37]. Soluble
and insoluble AP340 and A(342 peptides were extracted with
0.2% diethylamine and 70% formic acid, respectively [10],
and quantified by a sandwich ELISA kit (KHB3482,
Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions.

Histo- and Immunohistochemistry

These analyses were as described [10]. Briefly, the brains were
cryopreserved, cut sagittally (10 um-thick, 1.2—1.5 mm from
the midline) and placed on slides. Thioflavin S stains were
with 1% aqueous solution (Sigma-Aldrich, St. Louis, MO);
immunolocalizations were with primary and secondary anti-
bodies described in Table 1. Slides were mounted either with
ProLong Gold Antifade reagent with DAPI (P36935, Thermo
Fisher Scientific, Waltham, MA) or with VECTASHIELD
Antifade Medium with Propidium lodide (H-1300-10;
Vector Laboratories, Inc., Burlingame, CA). Images were ac-
quired on an inverted microscope DMI 6000 B (Leica
Microsystems Inc., Buffalo Grove, IL) equipped with a
Retiga EXi-Fast camera (QImaging, Surrey, Canada) and an-
alyzed with Metamorph Imaging Software (Molecular
Devices, San Jose, CA) as described [10]. A Leica TCS SP8
Confocal microscope (Leica Microsystems Inc., Buffalo
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Grove, IL) was used for imaging of sections with double-
labeling against GFAP and CYP46A1.

Statistical Analysis

All data represent mean + SD, except behavioral tests, where
the error bars are SEM. Either unpaired Student’s t test assum-
ing a two-tailed distribution or repeated measures two-way
ANOVA followed by a post hoc Bonferroni multiple compar-
ison test were used. Results were considered statistically sig-
nificant when P values were <0.05. *P<0.05, **P<0.01,
*##%P <0.001. All histo- and immunohistochemistry images
and Western blots are representative of observations in 3-8
mice per group. Each Western blot was repeated two to four
times.

Results
Behavioral Tests

In the Y-maze test, an indicator of the spatial short-term work-
ing memory, the spontaneous alteration rate was not changed
in EFV-treated versus control mice (Fig. 1a). Yet, in MWM
test, which assesses the spatial long-term memory and learn-
ing, EFV-treated group displayed a better performance than
the control group (Fig. 1b). In fear conditioning tests, EFV-
treated mice exhibited a greater postshock freezing (an index
of fear memory) during the learning phase of the contextual
fear test (Fig. 1c) and also the next day when the actual test

Fig. 1 EFV effects on behavioral
performance of SXFAD mice. (a),

1-O-Cntr 5XFAD (n=14)

was performed (Fig. 1d). However, in the cued fear condition-
ing, there was no difference between EFV-treated and control
mice (Fig. le). Thus, EFV treatment improved the spatial
long-term memory as well as the short and long-term contex-
tual fear memory but not the spatial short-term working mem-
ory or fear cued memory.

Brain Sterol Profiles

Four sterols were evaluated in SXFAD mice after animals
were terminated at the end of the 6-month treatment either
with EFV or vehicle (Fig. 2). These were cholesterol,
lathosterol and desmosterol (the markers of cholesterol bio-
synthesis in neurons and astrocytes, respectively [8]) as well
as 24HC (the CYP46A1 product). EFV administration did not
alter cholesterol and desmosterol levels but increased
lathosterol levels by 11% and 24HC cholesterol levels by
16%. Thus, CYP46A1 activation by EFV appeared to lead
to a compensatory increase in neuronal cholesterol biosynthe-
sis to prevent the brain from cholesterol depletion. This re-
sponse also increased the brain cholesterol turnover.

Amyloid Pathology

EFV-treatment did not significantly affect the content of sol-
uble and insoluble AP340 and AP42 peptides in the whole
brain homogenates (Fig. 3a). Similarly, both cortex and hip-
pocampus did not seem to have a decrease in the number and
area of staining with 6E10 (Fig. 3b,c), which recognizes am-
yloid precursor protein (APP) and all A3 species. Yet, both

BB-®-Tx 5XFAD (n=17)

Y-maze, (b), MWM, and (c-e) a Y-maze b MWM (latencies to platform)
fear conditioning tests. The results 60+
are presented as means + SEM of R 601
measurements in individual mice. = o
*P<0.05 by a two-way ANOVA k) 401 e 407 *
with treatment group and trial '§ iy
factors, followed by Bonferroni Qo £20-
. = 204 £
corrections as a post hoc compar- < =
ison (b, ¢) or an unpaired two-
tailed Student’s t test (d). Cntr, 0 0 ‘i T é T '5
control (vehicle-treated) mice (7 Days
female and 7 male animals); Tx, ees s
EFV-treated mice (9 female and 8 Fear CondltlonmL
male animals); US, unconditioned C Learning Test d Contextual e Cued
stimulus; and CS, conditioned
stimulus X X 60 * X
Ygo = o o 60+
g - E
240 2" 240
N N N
8201 $ 20 $ 20
w w 0 w ﬁ ﬁ
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Fig. 2 EFV effects on brain sterol

[1Cntr 5XFAD (n=6) [ Tx 5XFAD (n=8)

levels in 5XFAD mice. The 340.000-
results are presented as means + c ' /=
SD of measurements in individual o 270,000
mice. **P;0,0l, *“*PS 0.001 "5 200,000+
by an unpaired two-tailed ‘5_ _ *kk
Student’s t test. Cntr, control mice o 1,300 —_
(6 male animals); Tx, EF V-treated E 1 000-
mice (8 male animals) = !
o} 700+
(@] *%
& 4009 — — —
o
200+
T T T T
Lathosterol Desmosterol Cholesterol 24HC

cortex and hippocampus had small but statistically significant
decreases in the number (19% and 18%, respectively) and area
(17% and 20%, respectively) of stainings with Thioflavin S
(Fig. 3d,e), which binds to dense core amyloid plaques [38].
Thus, starting EFV treatment after amyloid deposition did not
have a pronounced effect on the A3 levels and only decreased
up to 20% the load of the dense core amyloid plaques in the
cortex and hippocampus.

Brain co-Localizations and Levels of CYP46A1, GFAP,
and lonized Calcium Binding Adaptor Molecule
1 (Iba1)

CYP46A1 is normally expressed in certain neuronal pop-
ulations, namely pyramidal neurons of the hippocampus
and cortex, Purkinje cells of the cerebellum, and hippo-
campal and cerebellar interneurons [4]. However, under
several pathologic conditions, CYP46A1 was detected in
astrocytes and microglia [21, 23, 39]. Hence, two brain
regions (the cortex and hippocampus) were analyzed, and
brain sections were double stained for CYP46A1 and
GFAP or Ibal, markers for reactive astrocytes and activat-
ed microglia, respectively [40, 41]. Signals for GFAP and
Ibal were weak in Cyp46al~”" mice, which served as a
negative control for CYP46A1 labeling. In contrast, both
control and EFV-treated SXFAD mice had strong anti-
GFAP and anti-Ibal signals in agreement with previous
findings in 5XFAD mice [32, 42]. In 5XFAD mice,
CYP46A1 was co-localized with some but not all
GFAP-positive, star-shaped astrocytic cells (Fig. 4a) but
there was no detectable CYP46A1 expression in Ibal-
postive, amoeboid-looking microglial cells (Fig. 4b, data
for the hippocampus are not shown because no regions
were found where CYP46A1 expression was abundant
and comparable with that of Ibal). Also, there seemed
to be different signal intensity for GFAP and Ibal in
EFV-treated vs control SXFAD mice (Fig. 4). Therefore,
additional brain regions were analyzed and compared to
those in B6SJL mice (Fig. 5). The anti-GFAP and anti-

Ibal signals were much stronger in the cortex and hippo-
campus of control 5XFAD mice than B6SJL mice and
also different as compared EFV-treated mice. The latter
was confirmed by Western blots on the whole brain ho-
mogenates, which revealed increased levels of GFAP (by
53%, Fig. 6a,d) and decreased levels of Ibal (by 40%,
Fig. 6) in EFV-treated vs control SXFAD mice. In addi-
tion, EFV treatment decreased the levels of CYP46A1 (by
22%, Fig. 6¢,d). Thus, 5SXFAD mice have activated astro-
cytes and microglia with CYP46A1 expression in some of
the reactive astrocytes. EFV treatment further increased
astrocyte reactivity but reduced microglia activation and
the levels of CYP46A1.

Brain Levels of Synaptic Proteins

Increased CYP46A1 expression and activity in CYP46A1
transgenic mice was found to improve memory function
and increase hippocampal levels of several synaptic pro-
teins [43]. Some of these as well as other proteins were
quantified in EFV-treated SXFAD mice (Fig. 7a), i.e., an-
imals which have memory improvements but represent a
disease model with CYP46A1 activity enhanced pharma-
cologically. The levels of six proteins were measured by
Western blot in the whole brain homogenates (Fig. 7b-h).
Of them, three proteins (PSD-95, synaptophysin, and
synapsin-1) were previously measured in the hippocampus
of CYP46A1 transgenic mice [43]. EFV treatment led to
statistically significant increases in abundance of two pro-
teins essential for glutamatergic transmission: Munc13-1
(by 40%), which is associated with presynaptic membranes
[44, 45], and PSD-95 (by 30%), which interacts with post-
synaptic membranes [46]. The abundance of gephyrin, a
scaffold protein for inhibitory neurotransmitter receptors
[47], synaptophysin, a synaptic vesicle protein [48], and
calbindin-D28k, a ubiquitous neuronal Ca** buffering pro-
tein [49, 50], remained unchanged, whereas that of
synapsin-1, responsible for restraining synaptic vesicles
into the reserve pool (in excitatory synapses) or the
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Fig. 3 EFV effects on amyloid pathology. (a) The content of soluble and
insoluble amyloid 3 (A3) peptides in the brain homogenates of SXFAD
mice. The quantifications were carried out by ELISA. The results are
presented as means = SD of measurements in individual mice. Both
female (n =5 per treatment group, pink rectangles) and male (n =4 per
treatment group, blue rectangles) mice were used. No significant differ-
ences were found between control (Cntr) and EFV-treated (Tx) mice
when female and male mice were analyzed as one group or separately.
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(b and d) Representative images (n = 5 male mice per treatment group) of
the brain sections stained with 6E10 and Thioflavin S, respectively.
Nuclei were stained with DAPI (b) or propidium iodide (d, false colored
in blue). (¢ and e) Quantifications of the 6E10- and Thioflavin S-positive
plagues. Area of the plaques is expressed as a percentage from the total
area of either cortex or hippocampus. *P <0.05 by an unpainted, two-
tailed Student’s t test. Cntr, control mice; Tx, EFV-treated mice. Scale
bars, 150 pm
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Fig. 4 CYP46A1 co-localizations in the cortex and hippocampus.
Representative images (3 female and 2 male mice per genotype for anti-
GFAP stainings and 3 male mice per genotype for anti-Ibal stainings) of
brain sections double stained with CYP46A1 (in green) and GFAP or Ibal

ready-release pool (in inhibitory synapses) [51-53] was
decreased by 20%. Thus, of the three proteins measured
in CYP46Al transgenic mice and EFV-treated 5XFAD
mice, changes in the PSD-95 expression were of the
same direction and those of synapsin-1 were in an op-
posite direction; the expression of synaptophysin
remained unchanged in EFV-treated 5XFAD mice.

(both in red) as markers for reactive astrocytes (a) and activated microglia (b),
respectively. Nuclei were stained with DAPI (in blue). Cyp46al” mice
served as a negative control; Cntr, control SXFAD mice; Tx, EFV-treated
5XFAD mice. Scale bars, 20 pum (a) and 100 um (b)

Discussion

Collectively, the present work and our previous study [10] led
to the two key findings. First, EFV treatment of SXFAD mice
can improve animal performance in behavioral tests regardless
of whether the treatment started before or after the appearance
Af3 plaques. Second, the cognitive improvements in EFV-
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Fig. 5 Effect of the SXFAD a
genotype on astrocyte and
microglia activation in the brain.
Representative images (3 female
and 2 male mice per genotype for
anti-GFAP stainigns and 3 male
mice per genotype for anti-Ibal
stainings) of brain sections
stained with GFAP or Ibal (both
in red) as markers for reactive as-
trocytes (a) and activated mi-
croglia (b), respectively. Nuclei
were stained with DAPL B6SJL is
a background strain for SXFAD
mice; Cntr, control 5XFAD mice;
Tx, EFV-treated SXFAD mice.
Scale bars, 20 um

GFAP, DAPI

Hippocampus

Cortex

O

Hippocampus

Iba1, DAPI
Cortex

treated SXFAD mice is not be associated with a decrease in
A pathology. This is indicated by unchanged levels of the
soluble and insoluble A340 and A 342 peptides quantified by
ELISA (Fig. 3a) and same levels of the APP/Af3 species
stained by 6E10 (Fig. 3b,c). Yet the number and area of
Thioflavin S-positive plaques were slightly decreased (Fig.
3d,e). Of importance is that we can suggest the mechanisms
for behavioral improvements as a result of EFV treatment
(Fig. 8).

EFV treatment activated CYP46A1 and increased choles-
terol elimination via metabolism to 24HC (Fig. 2). However,
the brain cholesterol levels were unchanged due to an increase
in cholesterol biosynthesis in neurons as evidenced by an in-
crease in the brain levels of lathosterol (Fig. 2). Accordingly
CYP46A1 activation led to an increase in neuronal cholesterol
turnover. Also, CYP46A1 was detected in some of the reac-
tive astrocytes (Fig. 4a), consistent with a known CYP46A1
expression in some but not all reactive astrocytes in AD-
affected human brains [21, 22]. Thus, CYP46A1 activation
by EFV (Fig. 2) and increased reactivity of astrocytes
(astrogliosis), as indicated by increased GFAP levels (Fig.

@ Springer

B6SJL

B6SJL

Cntr 5XFAD Tx 5XFAD

Cntr 5XFAD Tx SXFAD

6a,d), raise a possibility that astrogliosis is the result of
CYP46A1 activation in the enzyme-expressing astrocytes.
Animal models of neurological diseases suggest that the ef-
fects of astrogliosis are context-specific and could vary from
an adaptive beneficial response to a maladaptive deleterious
process [54]. Since the astrogliosis in the present work was
accompanied by a reduction in microglia activation, as indi-
cated by a decrease in the Ibal levels (Fig. 5b, 6b,d), and
behavioral improvements (Fig. 1b-d), it is possible that in
EFV-treated 5XFAD mice, astrogliosis plays a beneficial role.

In the brain, microglia accumulate around A3 plaques,
preferentially dense-core [55-57], and becomes chronically
activated as a result of interaction with extracellular fibrillar
A and dying neurons containing intraneuronal A [58, 59].
This activated microglia produce neurotoxic cytokines and
reactive oxygen species and fails to effectively remove fibril-
lar forms of A3 [60]. As a result, amyloidoisis is exacerbated
along with neuronal damage and neuroinflammation [61]. A
recent study showed that reactive astrocytes could switch mi-
croglia to a protective phenotype with enhanced phagocytosis,
promotion of dendritogenesis, decreased release of
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inflammatory cytokines, and increased secretion of neuropro-
tective factors [62]. It is conceivable, that a similar mechanism
is operative in EFV-treated mice and decreases the Ibal levels
(Fig. 6b,d). Alternatively, the mechanism could be different or
reciprocal when it is microglia that render astrocytes neuro-
protective [63]. A decrease in the Ibal levels in EFV-treated
mice could explain our other findings, namely a small reduc-
tion in both brain levels of CYP46A1 (Fig. 6 c¢,d) and
Thioflavin S-positive stains (Fig. 3d,e). The former could be
due to a decrease in the oxidative stress, the only factor that
was found to upregulate CYP46A1 expression transcription-
ally [64], and the latter could due to a partial restoration of a
normal microglial function. The Ibal-CYP46A1 link is also
supported by an increase in CYP46A1 expression in animal
models of traumatic brain injury and hypoxia-ischemia [39,
65, 66], which are both characterized by an increase in oxida-
tive stress [67, 68].

Individually or collectively, increases in 24HC, neuronal
cholesterol turnover, and astrocyte reactivity as well as de-
creases in microglia activation and dense-core amyloid
plaques (Fig. 8) could affect the levels of synaptic proteins
(Fig. 7). 24HC is a positive allosteric modulator of NMDAR
[11, 12, 69, 70], whose activation initiates multiple memory-
related signaling cascades, which ultimately lead to changes in
the levels of synaptic proteins [71-73]. 24HC is a ligand for
LXRs [74], transcription factors, whose activation by a syn-
thetic ligand was shown to alter the levels of several synaptic
proteins and promoted neurite outgrowth [16]. CYP46A1 ac-
tivity controls cholesterol turnover and hence isoprenoid

Cntr 5XFAD

Fig. 6 EFV effect on total brain

Tx 5XFAD

production and availability for prenylation of proteins in-
volved in long-term potentiation [75—77]. The contribution
of reactive astrocytes and activated microglia to changes in
the levels of synaptic proteins could be via the participation
in synaptic plasticity, maintenance and remodeling [78, 79].
Finally, in the brain, dense core amyloid plaques are mostly
located in the vicinity of synapses and were shown to cause
synapse loss and hence a decrease in synaptic proteins because
of the AS toxicity in the halo of the plaques [80-83].

EFV treatment of SXFAD mice increased the brain levels
of Munc13-1 and PSD-95, while decreasing the expression of
synapsin-1. Munc13-1, a presynaptic component, is more im-
portant for glutamate rather than GABA release because its
function for the latter is redundant [44, 45, 84]. PSD-95 is a
scaffold protein for postsynaptic components, including
NMDAR [46]. Synapsin-1 modulates neurotransmitter re-
lease: in excitatory synapses, synapsin-1 attenuates neuro-
transmitter release by restraining synaptic vesicles in the re-
serve (inactive) pool; in inhibitory (GABAerigic) synapses,
synapsin-1 facilitates neurotransmitter release by recruiting
synaptic vesicles in the ready-release pool [51, 52]. Staring
from 6 months of age, SXFAD mice have synaptic loss (as
indicated by a decrease in the PSD-95 [32, 85]) as well as
decreases in glutamatergic transmission and synaptic plastici-
ty [86-88]. Accordingly, changes in Munc13-1, PSD-95, and
synapsin-1 found in this work suggest that the synaptic func-
tion could be improved as a result of EFV treatment. At the
same time, EFV treatment did not appear to change the levels
of gephyrin, the main scaffold protein for inhibitory

Cntr SXFAD Tx 5XFAD

levels of GFAP, Ibal, and
CYP46ALl. (a-c) Representative
Western blots of brain
homogenates from control (Cntr,
n=4) and EF V-treated (Tx, n=15)
5XFAD male mice. Each lane,
except those with molecular
weight markers (a, b) and purified
recombinant CYP46A1 (c¢), rep-
resents a sample from individual
animal. (d) Quantification of the
relative protein expression after
normalization to the (3-actin sig-
nal. The results are presented as
means + SD of measurements in
individual mice; *P <0.05 and
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Fig. 7 EFV effect on the levels of synaptic proteins. (a) Location of the
studied proteins in excitatory (glutamatergic) and inhibitory
(GABAergic) axodendritic synapses. AZ, active zone (cyan), a special-
ized part of presynaptic membranes containing sites for vesicle exocyto-
sis; SV, synaptic vesicles filled with a neurotransmitter (glutamate or
GABA, red and blue circles, respectively). Munc13—1 is a presynaptic
AZ component essential for fusion competence of SV in glutamatergic
but not GABAergic synapses. PSD-95 is a major postsynaptic scaffold
protein that clusters NMDA receptors. Gephyrin is the major postsynaptic
scaffold protein that anchors inhibitory neurotransmitter receptors to the
postsynaptic cytoskeleton. Synaptophysin is the most abundant trans-
membrane protein in SV that regulates vesicle retrieval and exocytosis.
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Synapsin-1 is the protein that connects SV and retains them in the reserve
pool in excitatory synapses and in the ready releasable pool in inhibitory
synapses. Calbindin-D28k is a neuronal Ca®*-buffering protein expressed
in the nucleus and throughout the cytoplasm of many neurons. (b-g)
Representative Western blots of brain homogenates from control (Cntr,
n=4) and EFV-treated (Tx, n=5) 5XFAD male mice. Each lane, except
those with molecular weight markers, represents a sample from individual
animal. (h) Quantification of the relative protein expression after normal-
ization to the (3-actin signal. The results are presented as means + SD of

measurements in individual mice; *P <0.05 and **P<0.01 by a two-
tailed, unpaired Student’s t test
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postsynaptic receptors [47], and synaptophysin, a marker for
synaptic vesicles [48]. These data could indicate that inhibito-
ry (GABAergic) synapses were not markedly affected, and the
total amount of synaptic vesicles was unchanged in EFV-
treated SXFAD mice. Unchanged levels of calbindin-D28k,
a neuronal protein [49, 50], suggest a lack of appreciable neu-
ronal loss. i.e., EFV neurotoxicity.

Putative improvement in synaptic function in EF V-treated
mice may lead in turn to improvements in the behavioral tests
(MWM and contextual fear conditioning) (Fig. 1b-d), which
both depend on hippocampal NMDAR [89, 90]. There were
no significant improvements in the Y-maze (spontaneous al-
ternations) and cued fear conditioning tests (Fig. 1a,e), which
highly depend on the brain areas other than the hippocampus
[91, 92]. These results suggest that the main target area for
EFV treatment in 5XFAD mice is the hippocampus, also one
of the most affected brain areas in AD [93].

Behavioral improvements in EFV-treated mice were
not accompanied by changes in the amyloid species de-
tected by ELISA and 6E10 (Fig. 3a,b). This outcome is
consistent with clinical studies showing a lack of strong
correlation between A3 deposition and cognitive deficits
as well as observations that patients with mild cognitive
impairment and asymptomatic healthy controls may have
significant A3 accumulation [33, 34]. Thus, in the studied
treatment paradigm, EFV-treated SXFAD mice could rep-
resent an amyloid-independent model of behavioral and
other improvements despite a slight decrease in the dense
core amyloid plaque load. Only several amyloid-
independent models are known: mutant APP transgenic
mice injected with the gene for brain-derived neurotropic
factor [94]; 5XFAD mice with elimination of 80% of

Fig. 8 A summary of changes in
EFV-treated SXFAD mice. See
Discussion for explanation.
Biological processes are in bold;

microglia [42]; and APP-presenelinl transgenic mice with
inhibited phosphodiesterase 4 [95].

As in any drug treatment study, there is always a possibility
that the observed behavioral improvements in SXFAD mice
are due to off-target EFV effects that are not related to
CYP46A1 activation. We minimized this possibility by using
a very small EFV dose in our treatments, and we are also
testing EFV on Cyp46al 5XFAD mice that we generated.

EFV-administration to SXFAD mice generated the data that
served as a basis for a proof-of-concept clinical research study
of EFV in patients with AD (ClinicalTrials.gov,
NCTO03706885). The primary endpoints of this clinical trial
are to ascertain whether the two studied EFV doses (50 and
200 mg/day): 1) engage CYP46A1 and affect brain
cholesterol metabolism; 2) increase plasma 24HC
concentrations, and 3) are safe and tolerable in the geriatric
population. Neurocognitive assessments and the
measurements of Af3, total tau, and phosphotau in the
patient cerebrospinal fluid will be conducted as well but are
not among the trial endpoints. The new and important insight
from the present work is that EFV treatment could lead to
behavioral improvements but do not have an effect on the
A3 content in the patient cerebrospinal fluid.

In summary, EFV treatment of SXFAD mice from 3 to
9 months of age did not significantly affect the levels of the
AP peptides but improved animal performance in
hippocampus-dependent MWM and contextual fear condi-
tioning tests. Behavioral improvements were accompanied
by increases in brain content of 24HC, neuronal cholesterol
turnover, and specific presynaptic and postsynaptic proteins.
Increased astrocyte reactivity and decreased microglia activa-
tion were observed as well. Thus, CYP46A1 activation by

Efavirenz

v \
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EFVafter A deposition has effects on multiple brain process-
es related to AD.
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