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One of the main pathological features in the Alzheimer disease (AD) is the presence of senile plaques,
primarily composed of AP peptide aggregates, in cortex and hippocampus. AD late onset, which consti-
tutes 90% of cases, could be mainly attributable to deficiencies in the clearance of the AR peptide. Here
we show that expression of AB-degrading enzymes varies on a daily basis in the hippocampus. Interest-
ingly, an intracerebroventricular injection of A aggregates modified temporal patterns of AB-degrading
proteases, as well as clock proteins (BMAL1 and RORa) and antioxidant enzymes (CAT and GPx) daily
rhythms. Our findings showed that the increase of AP leads to the alteration of the enzymes involved in
the clearance, and, consequently, to an increase of oxidative stress and alteration of the cellular redox
state, affecting the functioning of the endogenous clock and daily rhythms of BMAL1, ROR« and their
target genes, in this disease.

© 2019 Published by Elsevier B.V.

1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative dis-
order, is the most common form of irreversible dementia, among
the elderly people. It is clinically characterized by progressive cog-
nitive impairment, loss of memory and abnormal behavior [1,2].The
main pathological features include the presence of neurofibrillary
tangles (NFT) and senile plaques (SP), particularly, in cortex and
hippocampus [3]. SPs are primarily composed of A peptide aggre-
gates. The A peptide involved in the pathogenesis of the disease is
produced by sequential cleavage of the amyloid precursor protein
by 3- and +y-secretases [4,5]. Late onset AD (LOAD) which consti-
tutes 90% of cases could be mainly attributable to deficiencies in
the clearance of the AR peptide [4].

Abbreviations: AD, Alzheimer’s disease; NFT, neurofibrillary tangles; SP, senile
plaques; LOAD, Alzheimer’s disease late onset; NEP, neprilysin; ECE, endothelin-
converting enzymes; IDE, insulin degrading enzyme; SNC, suprachiasmatic nucleus;
MDA, malondialdehyde; ZT, zeitgeber time; ANOVA, analysis of variance.
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Enzymes with AB-degrading activity include members of the
zinc metalloendopeptidase family. Among them, the ones with
the most physiological relevance in the brain are neprilysin(NEP),
endothelin-converting enzymes (ECE1 and ECE2) and insulin
degrading enzyme (IDE) [6-9]. Research conducted by Eckman and
collaborators [10,11] showed high levels of AB1-40 and 1-42 in the
brain of ECE-2 knockout mice. In addition, a loss-of-function muta-
tion of IDE causes cerebral accumulation of AB in rodents [12]. It
has been also reported that NEP expression is reduced in the AD
brain compared with age-matched control patients [13].

The oxidative stress also plays a central role in the develop-
ment of AD [14,15]. Several evidences suggest that two key reactive
oxygen species, hydrogen peroxide (H,0;) and the hydroxyl rad-
ical ("OH), are generated directly by AR (1-42) oligomers, and
implicated in AD [16-18].Thus, postmortem studies in AD patients’
brain have shown increased levels of proteins and lipids oxida-
tion, and reduced activity of the antioxidant defense system [19,20].
Recently, we showed that an i.c.v. injection of AP aggregates mod-
ifies daily rhythms of lipoperoxidationan GSH levels in the rat
hippocampus [21].In addition, multiple clinical studies have shown
thatdisruption of sleep and circadian rhythms is one of the common
and earliest signs of AD [22,23].
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Biological rhythms are generated by environmental time cue-
entrained biological clocks. Environmental time cues are usually
called ‘zeitgebers’ (from German zeit: time and geber: giver, ‘time
giver’). Under natural conditions, the biological clock adjusts its
period and phase to the predominant time cue or zeitgeber. Thus,
the alternation between day and night is the strongest zeitge-
ber responsible for synchronizing the circadian timing system
[24]. Chronobiologists name zeitgeber time (ZT) ZTO when lights
on in the animal facility and, from then, ZT1, ZT2, ZT3...ZT24to
the following time points occurring afterwards. In mammals, the
Circadian System generates circadian rhythms through a master
clock in the suprachiasmatic nucleus (SCN), which receives the
environmental signal through the retinohypothalamic tract and
synchronizes rhythmic biological processes occurring in peripheral
clocks located in most, if not all, organs and tissues. At the cellular
level, circadian rhythms are generated by a complex interaction,
and daily alternation, between clock transcription factors, such as
BMAL1:CLOCK(activator) and PER:CRY (repressor) heterodimers,
which constitute the molecular core clock machinery in most of
the tissues. An accessory circuit made up of RORa and REVERB
transcription factors, which, among others, regulates the oscillating
expression of Bmall, completes the cellular clock [25]. In our pre-
vious work, we also showed that an i.c.v. injection of A aggregates
phase shifts daily rhythms of putative cellular clock targets, such as
Bdnf, Neurogranin and, the AB-clearance-related, ApoE, in the rat
hippocampus [21].Considering above observations, in this work,
we wonder, first, whether expression of A-degrading proteases,
NEP, ECE1 and IDE, oscillates rhythmically in the rat hippocam-
pus, and second, which are the consequences of an i.c.v. injection
of AP aggregates on daily patterns of cellular clock factors, AB-
degrading enzymes, and antioxidant enzymes expression, in the
rat hippocampus.

2. Materials and methods
2.1. Animal model

Three-month-old males Holtzman rats were used in this study.
Groups were defined as: control (CO) and AB-injected (AR)
(n=12/group). AR (1-42) powder was dissolved in sterile saline
solution (2mg/mL) and incubated at 37°C for 7 days to obtain
the neurotoxic (aggregated) form [26].Animals were maintained
under 12 h-light:12 h-dark lighting conditions and received water
and food ad libitum. On the day of surgery, rats were anesthetized
with ketamine hydrochloride (80 mg/kg) and xylazine (10 mg/kg)
and placed in a stereotaxic apparatus. Under anesthetization, vehi-
cle (saline solution) or AP aggregates (10 ug) were injected into
the lateral ventricle (coordinates: AP:-1 mm, L:1.5mm, and DV:-
3.5mm) of CO and A rats, respectively (according to Zhang [27].
Seven days after surgery, three rats from each group were eutha-
nized by decapitation every 6 h throughout a 24 -h period, at the
zeitgeber time (ZT) points, namely, ZT2, ZT8, ZT14 and ZT20 (lights
on at ZTO and lights off at ZT12, in the animal facility).At ZT14 and
ZT20 rats were euthanized under dim red light (0.11x) to avoid
acute effects of light. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

2.2. Ethical approval

All experiments were carried out according to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 8023) and the National University of San
Luis Committee’ s Guidelines for the Care and Use of Experimental
Animals (approved protocol N® B-263/17).

2.3. Hippocampus dissection

Hippocampus samples were isolated every 6 h starting at ZT2
from CO and A3 groups.

Hippocampi isolation was carried out as described in Babu [28].
Briefly, following animal decapitation, the head was obtained, and
the skull was opened with sterile scissors. Brain was removed and
cut along the longitudinal fissure to divide both hemispheres. The
diencephalon was removed, and the hippocampus was resected
from the neocortex and immediately placed in liquid nitrogen.

2.4. RNA isolation and Reverse Transcriptase (RT) reaction

Total RNA was extracted from hippocampus samples by using
the Trizol reagent (Invitrogen Co) as directed by the manufacturers.
The yield and purity of total RNA were determined spectropho-
tometrically at 260 and 280 nm. Gel electrophoresis and Gel-Red
staining confirmed the integrity of the samples. Three micrograms
of total RNA were reverse-transcribed with 200 units of MMLV
Reverse Transcriptase (Promega Inc.) using random primer hex-
amers following the manufacturer’s instructions [29].

2.5. PCR amplification

Fragments coding for 28S, NEP, IDE y ECE1 were amplified by
PCR in 50 pl of reaction solution containing 0.2 mM dNTPs, 1.5 mM
MgCl,, 1.25U of Taq polymerase, and 50 pmol of each rat specific
oligonucleotide primer and RT-generated cDNA (1/5 of RT reaction).
The sequences of the specific primers used were: for NEP, for-
ward (FW) primer 5-AGCCGAAGAAGAAACAGCGA-3’ and reverse
(RV) primer 5-ACATTGCGTTTCAACCAGCC-3’ (fragment size 238
bp), for IDE, FW primer 5'- CAGCCATGAGTAAGCTGTGG-3’ and RV
primer 5'-GGGTCCACATAAGCAAACGG -3’ (fragment size 100 bp),
and for ECE1, FW primer 5'-CCCATGGTGAACGCCTACTA-3’ and RV
primer 5-GCCTTGATCGTCGAAAGCAT-3’ (fragment size 165 bp).
In the case of NEP, samples were heated in a thermalcycler (My
Cycler, BioRad, USA) to 94 °C for 2 min, followed by 30 cycles of (1)
denaturation, 94 °Cfor 1 min; (2) annealing, 59 °Cduring 1 min; and
(3) extension, 72 °C for 1 min. After 30 reaction cycles, the exten-
sion reaction was continued for 5 min. For IDE and ECE 1genes the
thermalcycling conditions were similar but following 35 cycles of
denaturation-annealing-extension. PCR products were then elec-
trophoresed on 2% (w/v) agarose gel with 0.01% (w/v) GelRed™
(Biotium Inc., USA). The amplified fragments were visualized and
photographed under ultraviolet transillumination. The mean of
gray value for each band was measured using NIH Image] soft-
ware (Image Processing and Analysis in Java from http://rsb.info.
nih.gov/ij/) and the relative abundance of each band was normal-
ized according to the housekeeping 28S gene, calculated as the ratio
of the mean of gray value of each product to that of 285 [21].

2.6. Scanning of AB-degrading enzymes genes upstream regions
for putative E-box and RORE sites

To identify putative clock-responsive (perfect E-box: CACGTG,
or Ebox-like: CANNTG) and RORE, (A/G)GGTCA preceded by 6 pb
A/T) DNA consensus regulatory sites, 2000 bp upstream of the
translation start codon of NEP, IDE and ECE1 (NCBI GenBank Acc.#:
NC_.005101.4, NC_.005100.4 and NC_005104.4,respectively) genes,
were scanned for significant matches using the MatInspector® soft-
ware from Genomatix (http://www.genomatix.de; Quandt et al.
[30]).
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2.7. Immunoblotting assays

Protein extracts were prepared from hippocampus samples
obtained from each group of rats at the different ZTs during a
24-h period, in 120mM KCl, 30 mM phosphate buffer, 1 g/ml
leupeptin and 1 wg/ml of pepstatin pH 7.2 at 4°C. Aliquots con-
taining 25 pg of total protein were subjected to electrophoresis in
12% polyacrylamide gels, and then transferred to Immobilon-PTM
transfer membranes (Millipore, Bedford, MA). Briefly, membranes
were blocked in Blotto (5% nonfat dry milk, 10 mM Tris-HCl, pH
8.0, and 150 mM NaCl) followed by 12 h overnight incubation at
10°C with either goat anti-CAT, goat anti-GPx, or rabbit anti-
BMAL, rabbit anti-ROR« or anti-ACTIN antibodies (Abcam, USA),
diluted 1:8000 in Blotto containing 0.05% thimerosal. After incu-
bation with primary antibody, the membranes were washed in
TBS (10 mM Tris-HCI, pH 8.0, and 150 mM NacCl) containing 0.05%
Tween-20, before incubation with goat anti-rabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:5000 in Blotto, for 2h
at room temperature. After washing, antibody/protein complexes
were detected using a chemiluminescence method (Embiotec,
Argentina) following the manufacturer’s indications. The mean of
intensity of each band was measured using the NIH Image] software
(Image Processing and Analysis in Java from http://rsb.info.nih.gov/
ij/). CAT, GPx, RORa and BMAL1 protein levels were normalized
against ACTIN (endogenous control) [21].

2.8. Statistical analysis

Time point data were expressed as means =+ standard errors of
the mean (SE) and pertinent curves were drawn. Time series were
computed by one-way ANOVA followed by Tukey’s post-hoc test
for specific comparisons. A p <0.05 was considered to be significant.
Daily rhythms were assessed by the Chronos-Fit software, using a
combination of a partial Fourier analysis [31]. The percentage of
rhythm (an index of the amount of variance accounted for) of the
fitted curve, and the significance of rhythmicity, testing the null
hypothesis of the amplitude being equal to zero, was performed
using an F test (>3.5; p<0.05). A cosine-fitted curve was generated
with GraphPad Prism® 3.0 software (CA, USA). Students t-test was
used for comparison of mesor, amplitude or acrophase between CO
and AP-injected groups, with p <0.05 for significant differences.

3. Results

3.1. Daily profiles of AB clearance-related enzymes in the
hippocampus. Effect of an i.c.v. injection of AB aggregates

First, we analyzed the daily expression of enzymes involved in
the AP degradation, NEP, IDE and ECE1, in the rat hippocampus.
All three enzymes’ genes expression displays a daily and rhythmic
patternin that brain area (ANOVA p <0.0 1and Chronos-fit p < 0.05).
The maximal level of NEP expression was observed at the begin-
ning of the day (ZT 00:42 +00:08, p<0.01) in the control group,
while the highest levels of IDE and ECE1 transcripts occurred at
the beginning of the night, ZT 14:40 +£00:12 and ZT 15:17 £ 01:22,
respectively (p <0.01 in both cases). The i.c.v. injection of AP aggre-
gates (1-42) had a differential effect on those daily patterns. On
one hand, it phase shifted the NEP and IDE expression rhythms
(from ZT 00:42 +00:08 to 17:36+01:18, p<0.001, for NEP, and
from ZT 14:40+00:12 to 10:55 £ 00:08, p<0.001, for IDE). On the
other hand, the i.c.v. injection of A3 aggregates decreased the IDE
expression rhythm’s amplitude (p <0.05) and increased the mesor
of IDE and ECE1 mRNA levels oscillations (p<0.001 and p<0.05,
respectively) in comparison to the CO group (Fig. 1, Table 1).

3.2. Putative E-box and RORE sites on NEP, IDE and ECE1 genes
upstream region

Scanning of 2000 bp upstream of the translation start codon in
the Genomatix database revealed one perfect E-box and six Ebox-
like sites in the NEP gene upstream region, five E-box-like and two
RORE elements in the IDE gene regulatory regions, and one per-
fect E-box, four E-box-like and three RORE sites in the ECE1 gene
regulatory regions (Fig. 2).

3.3. Effect of ani.c.v. injection of AB aggregates on daily rhythms
of clock proteins in the rat hippocampus

We observed BMAL1 and RORa levels vary significantly
throughout a day, in the rat hippocampus (ANOVA, p<0.05
and p<0.01; Chronos-fit, p<0.05 and p<0.05, respectively) with
maximal protein levels occurring at ZT 07:00+00:24 and ZT
06:02 +00:17, respectively (Fig. 3, Table 2). The injection of A3
aggregates exerted differential effects on the hippocampal clock
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Fig. 1. Daily profiles of AP clearance-related enzymes in the hippocampus. Effect of an i.c.v. injection of AP aggregates. Each value on the curves represents the mean + SEM
of n=3 hippocampus samples. Horizontal bars represent the distribution of light (open) and dark (closed) phases of the 24 h photoperiod. ZT is zeitgeber time, with ZT=0
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Table 1
Rhythms’ parameters of NEP, IDE and ECE1 oscillating mRNA levels in the hippocam-
pus of control and AB-injected groups.

Rhythm Control group AB-injected group p
Parameters (mean 4+ SEM) (mean + SEM)

NEP mRNA levels

MESOR 0.84+0.02 0.86+0.04 N/S
AMPLITUDE 0.15+0.03 0.20+0.01 N/S
ACROPHASE 00:42 +£00:08 17:36+01:18 <0.001
IDE mRNA levels

MESOR 0.89+0.02 1.07 £0.03 <0.001
AMPLITUDE 0.294+0.06 0.09 +0.01 <0.05
ACROPHASE 14:40+00:12 10:55+00:08 <0.001
ECE1 mRNA levels

MESOR 0.70+0.01 1.15+£0.10 <0.05
AMPLITUDE 0.20+0.04 0.26 +0.02 N/S
ACROPHASE 15:17+£01:22 16:194+00:27 N/S

Note: Data are presented as mean + SEM (n=3 per group). p-levels were obtained
for the corresponding control vs. AB-injected groups comparisons using Student’s
t-test.

N/S =not significant.

NEP levels (% rhythm Control group: 48.96Af injected group: 68.37).

IDE levels(% rhythm Control group: 51.41 AP injected group: 78.32).

ECET1 levels (%rhythm Control group: 54.71 A@ injected group: 53.09).

proteins rhythms. Thus, AR injection phase advanced BMALT1 oscil-
lating expression (from ZT 07:00+00:24 to ZT 01:24+01:00,
p<0,05) without affecting the rhythm’s amplitude or mesor, on
one hand,and it phase delayed ROR«a protein rhythmicity (from
ZT 06:024+00:17 to ZT 00:05 + 00:29, p<0.01), reduced the mesor
and increased the rhythm'’s amplitude, on the other (p<0.01 and
p<0.05, respectively; Fig. 3 and Table 2).

3.4. Daily profiles of CAT and GPx protein levels in the
hippocampus of AB-injected rats

The results revealed that CAT levels follow a robust diur-
nal rhythm in the hippocampus of control rats (ANOVA p<0.05
and Chronos-fit p<0.05), with the highest level occurring at
ZT 01:58+00:11. The i.c.v. injection of A aggregates phase-
shifted daily rhythm of CAT (ZT 01:58 £00:11 to ZT 20:51 ZT +
00:35 (p<0.05) and decreased the rhythm’s mesor (0.79 +0.04 vs
0.65+0.01, p<0.05) in the rat hippocampus (Fig. 4 and Table 3). On
the other hand, we observed also GPx protein levels displays a 24-
h rhythm in the rat hippocampus (ANOVA p <0.05 and Chronos-fit
p <0.05) peaking towards the middle of the day (ZT 12:30+01:28)
in the control. The AB-injected group showed a phase delay in
GPx rhythm’s, from ZT 12:304+01:28 to ZT 21:23 +£00:43 (p<0.01)
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Table 2
Rhythms’ parameters of BMAL1 and RORa oscillating protein levels in the hippocam-
pus of control and AB-injected groups.

Rhythm Control group AB-injected group p
Parameters (mean + SEM) (mean + SEM)

BMAL1 protein levels

MESOR 1.02+0.04 1.02+£0.00 N/S
AMPLITUDE 0.15+0.04 0.11+0.02 N/S
ACROPHASE 07:00+00:24 01:24+01:00 <0.05
ROR« protein levels

MESOR 0.74+0.01 0.53+0.04 <0.01
AMPLITUDE 0.11+0.04 0.30+0.04 <0.05
ACROPHASE 06:02+£00:17 00:05 +£00:29 <0.01

Note: Data are presented as mean + SEM (n=3 per group). p-levels were obtained
for the corresponding control vs. AB-injected groups comparisons using Student’s
t-test.

N/S =not significant.

BMALT1 levels (% rhythm Control group: 55.56Af injected group: 49.88).

RORa levels (% rhythm Control group: 60.56 A injected group: 67.28).

Table 3
Rhythms’ parameters of CAT and GPx oscillating protein levels in the hippocampus
of control and AB-injected groups.

Rhythm Control group AB-injected group p
Parameters (mean + SEM) (mean 4 SEM)

CAT protein levels

MESOR 0.79+0.04 0.65+0.01 <0.05
AMPLITUDE 0.30+0.04 0.35+0.02 N/S
ACROPHASE 01:58 £00:11 20:51+£00:35 <0.05
GPx protein levels

MESOR 1.17+£0.01 1.06+0.01 <0.01
AMPLITUDE 0.11+0.05 0.13+0.06 N/S
ACROPHASE 12:30+01:28 21:23+00:43 <0.01

Note: Data are presented as mean =+ SEM (n=3 per group). p-levels were obtained
for the corresponding control vs. AB-injected groups comparisons using Student’s
t-test.

N/S = not significant.

CAT levels (% rhythm Control group: 63.57A injected group: 71.07).

GPx levels (% rhythm Control group: 61.80 AR injected group: 58.81).

and a decrease in the mesor of rhythms (1.17 4+ 0.01 vs 1.06 & 0.01,
p<0.01) compared with controls.

4. Discussion

Recent results from our group revealed that A3 levels vary on a
daily basis in the rat hippocampus, with the maximum level of A
occurring around the middle of the light period [21]. These obser-
vations led us to question whether the enzymes involved in the
clearance of A move in time with the cellular clock in the rat
hippocampus and, secondly, which could be the effects of an i.c.v.
injection of A3 aggregates on the temporal organization of the Af3
hippocampal clearance. Thus, herein, and for the first time in our
knowledge, we show that NEP, IDE and ECE1 expression displays
daily rhythms in the rat hippocampus. Interestingly, an i.c.v. injec-
tion of AP aggregates modified temporal patterns of AB-degrading
proteases.

Neprilysin, IDE and ECE1 expression was analyzed throughout
the day in the hippocampus of rats maintained under light:dark
(LD) conditions. In fact, we observed that transcript levels of
enzymes involved in A3 clearance exhibit a daily rhythmicity in rat
hippocampus, with the NEP expression peaking at the beginning of
the day and the highest levels of IDE and ECE1 transcripts occurring
at the beginning of the night (Fig. 1 and Table 1). To date, we have
not found any other study on daily rhythms of those proteases in
the hippocampus, nor in other brain tissues; however, some studies
show an association between IDE or NEP and the circadian clock,
in different animal models and tissues [32,33]. Thus, Zhao and col-
laborators [32] show a day-night variation of IDE expression in the
liver of mouse, which is lost in mice lacking the clock’s Per2 factor.
On the other hand, Isaac and collaborators [33] propose a role for
NEP as a regulator of the circadian signal in Drosophila, since this
endopeptidase was able to hydrolyze and inactivate the pigment
dispersing factor, a key neurotransmitter in the regulation of the
circadian rhythm of locomotor activity of this species.

Daily rhythms of NEP, IDE and ECE1 expression suggest a tempo-
rally well-orchestrated AB-clearance in the hippocampus. The NEP
expression peak occurring at the beginning of the day precedes,
probably in a context of predictive homeostasis, the AR rhythm’s
acrophase (at ZT08:24 +00:39), observed previously by us [21], in
the rat hippocampus. On the other hand, maximal expression of
IDE and ECE precedes AP rhythm’s nadir during the night period.
Such organization might ensure that the maximal levels of A occur
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at the second half of the day. Noteworthy, a number of memory
and learning tasks related to synaptic plasticity, involving work-
ing memory or LTP in the hippocampus, occur mainly during the
diurnal phase [34] and accumulating evidence suggests A3 has
important physiological functions such as modulation of synaptic
plasticity and neuroprotection [35].

Daily rhythms of NEP, IDE and ECE1 expression suggested us that
genes encoding those enzymes could be under the control of the
endogenous clock. Our bioinformatic analysis revealed the pres-
ence of clock-responsive E-box sites in regulatory regions of NEP,
IDE and ECE1 genes as well as ROR/REVERB-responsive, RORE, sites
in the regulatory regions of IDE and ECE1 genes (Fig. 2). Such find-
ings led us to investigate the temporal variation of clock factors,
BMAL1 and RORq, protein levels, in the rat hippocampus.

In this study, we observed BMAL1 protein levels vary throughout
a 24 -h cycle, with their maximum occurring at the middle of the
day, preceding IDE and ECE1 expression peaks, in the hippocam-
pus of control rats. As expected, we also observed ROR«a protein
rhythm’s acrophase precedes BMAL1 protein peak, as well as IDE
and ECE1 maximal expression. A relationship between the cellular
clock and IDE expression levels has been reported by Zhao et al.
[32] who showed that hepatic IDE displays a day and night rhythm,
which is impaired in mPer2-deficient mice. Ours and their obser-
vations led us to propose that exist a daily organization in the IDE-
and ECE1-mediated A3 clearance, probably orchestrated by the
endogenous local clock in the hippocampus. On the contrary, we
couldn’t establish a temporal relationship between the NEP expres-
sion and the rhythmicity of clock activators, BMAL1 and RORa. Such
discrepancy could be explained, at least in part, for the absence of
RORE sites in the NEP regulatory region. In addition, considering
that Nakahata et al [36] reported that Ebox-like sites should be
in tandem to be functional and regulate the circadian oscillation,
other reason might be the fact that E-box-like sites in the NEP reg-
ulatory region are spaced by several nucleotides. Moreover, it has
been shown, Ebox sites could be targets for other transcription fac-
tors such as, for example, SREBP. Knowing NEP participates also
in the SREBP proteolysis, it wouldn‘t be odd the transcription fac-
tor regulates NEP expression, in a feedback way [37]. In this case,
SREBP would compete with BMAL1:CLOCK for the binding to the
Ebox sites. On the other hand, on the contrary to IDE and ECE, NEP
gene transcription is also epigenetically regulated by HDAT1.

Although other researchers have shown an effect of bilateral
injection in the hippocampus of soluble beta-amyloid peptide 1-42
(Ab1-42), on the NEP and IDE protein levels [38,39], this would
be, at least to our knowledge, the first work that investigates
the consequences of an i.c.v. injection of AP aggregates on the
daily rhythmicity of enzymes involved in the clearance of amy-
loid deposits, in the hippocampus. Interestingly, we observed that
AP aggregates exerted differential effects on the NEP, IDE and ECE1
daily rhythms, modifying either their phase, mesor or amplitude.
Particularly, AP aggregates delayed the NEP rhythm’s acrophase,
advanced the IDE rhythm'’s acrophase, reduced its amplitude and
increases IDE and ECE rhythm’s mesor. Interestingly, we also
observed that the i.c.v. injection of AP aggregates modifies BMAL1
and RORa protein rhythms in the rat hippocampus, causing a 6h-
advance of BMAL1 as well as RORa daily peaks. To date, we did not
find studies on the consequences of an i.c.v injection of aggregated
AP (1-42) on daily rhythms of clock proteins. However, studies car-
ried out by Wilkaniec et al. [40] showed that circadian rhythms of
clock genes expression were abolished by A3 peptides in human
primary skin fibroblasts. This would be, somehow, in line with the
reduced RORa rhythm’s mesor observed in the hippocampus of our
experimental animals. In addition, Wang et al. [41], showed that A
31-35 administered into the hippocampus, altered the expression
of the Per1 and Per2 in the SCN, hippocampus and heart.

Noteworthy, in this study, IDE rhythm’s acrophase was
advanced in the same way than BMAL1 and RORa rhythms’
acrophases following the i.c.v.injection of the A aggregates. On the
other hand, the increase of IDE and ECE rhythm'‘s mesor observed
here, in the hippocampus of AB-injected rats, would be consistent
with Chang and collaborators [42] who demonstrated that A3 1-42
injection significantly increases IDE and NEP levels in the mouse
hippocampus and cortex. Higher IDE and ECE rhythms’ mesor might
be an adaptative response to the increased hippocampal Af3 content
showed by us in Navigatore-Fonzo et al. [21].

Numerous studies have shown that increased oxidative stress
plays an important role in the etiology and progression of AD.
Additionally, it has been shown that injection of A3 induce oxida-
tive stress, cognitive dysfunction and impairing memory in rat
[43-45].0ur investigations have shown that an i.c.v injection of
aggregated A3 (1-42) induces oxidative damage. Particularly, we
found that an injection of AP aggregates caused a phase shift, and
increase the rhythm’s mesor of lipoperoxidation levels in the rat
hippocampus [21].

It is well known that CAT eliminates H,0,, by reducing it to
water and oxygen, and that GPx helps to prevent the formation
of hydrogen and organic hydroperoxides, thus protecting the cell
from damaging effects of free radicals. Interestingly, we observed
CAT and GPx protein levels vary throughout a 24 h period, peaking
at the beginning of the day and the night, respectively, in the rat
hippocampus (Fig. 4 and Table 3). Rhythms of CAT and GPx have
also been observed by us and others in the rat brain [29,46,47].
As expected, temporal patterns observed in the rat hippocampus
were consistent with the rhythm of lipoperoxidation observed pre-
viously [21]. Thus, the highest level of CAT and GPx precedes the
nocturnal peak of malondialdehyde (MDA, ZT 19:48 +00:54) in the
context of predictive homeostasis.

Interestingly, in the present study, we found, for the first time
in our knowledge, that an i.c.v injection of AP aggregates caused
a phase shift and decreased the rhythm’s mesor of CAT and GPx
levels in the rat hippocampus (Fig. 4 and Table 3). Even though,
to date, we did not find studies on the consequences of an i.c.v
injection of aggregated A3 (1-42) on daily rhythms of antioxidant
enzymes, some studies carried out by Pan et al. [48] have shown
that an injection of AB(1-42) decreased the levels of CAT and GPx
in the rat brain.

In conclusion, here we describe the temporal organization of
hippocampal A3 clearance-related events with the clock RORa and
BMAL1 protein rhythms’ acrophases preceding nocturnal peaks of
IDE and ECE1 expression. In addition, maximal NEP expression pre-
cede AP protein peak occurring on the second half of the day,
as showed in Navigatore Fonzo et al. [21], probably, in the con-
text of predictive homeostasis. However, the maximal levels of IDE
and ECE1 expression occurring after the AP protein peak, could
be explain in terms of reactive response. Maximal levels of TBARS
(shown in our previous work) follow the peak of AR, coinciding
with the lowest level of CAT and GPx, which confirms the role of
amyloid peptide as a trigger for oxidative stress.

Our findings showed that the increase of AP leads to the alter-
ation of the enzymes involved in the clearance, and, consequently,
to anincrease of oxidative stress and alteration of the cellular redox
state, affecting the functioning of the endogenous clock and daily
rhythms of BMAL1, ROR« and their target genes, in this disease.
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