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Alzheimer’s disease (AD) is characterized by progressive memory deficits accompanied
by synaptic and metabolic deficits, namely of mitochondrial function. AD patients also
display a disrupted circadian pattern. Thus, we now compared memory performance,
synaptic plasticity, and mitochondria function in 24-week-old non-transgenic (non-
Tg) and triple transgenic male mice modeling AD (3xTg-AD) at Zeitgeber 04 (ZT-4,
inactive phase) and ZT-16 (active phase). Using the Morris water maze test to minimize
the influence of circadian-associated locomotor activity, we observed a circadian
variation in hippocampus-dependent learning performance in non-Tg mice, which
was impaired in 3xTg-AD mice. 3xTg-AD mice also displayed a lack of circadian
variation of their performance in the reversal spatial learning task. Additionally, the
amplitude of hippocampal long-term potentiation also exhibited a circadian profile in
non-Tg mice, which was not observed in 3xTg-AD mice. Moreover, cerebral cortical
synaptosomes of non-Tg mice also displayed a circadian variation of FCCP-stimulated
oxygen consumption as well as in mitochondrial calcium retention that were blunted in
3xTg-AD mice. In sum, this multidimensional study shows that the ability to maintain
a circadian oscillation in brain behavior, synaptic plasticity, and synaptic mitochondria
function are simultaneously impaired in 3xTg-AD mice, highlighting the effects of
circadian misalignment in AD.

Keywords: circadian, Alzheimer’s disease, behavior, LTP, mitochondria, Zeitgeber, hippocampus

INTRODUCTION

Alzheimer’s disease (AD) is characterized by a progressive memory deterioration, involving a
loss of synaptic efficiency typified by altered patterns of synaptic plasticity and a hypometabolic
profile in afflicted regions, namely in the hippocampus (Scheltens et al., 2016). AD patients also
display alterations of their circadian rhythms (Harper et al., 2005), which often predates the onset
of cognitive deficits (Musiek et al., 2018) and seems to be a predictor of the evolution into AD
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(Targa et al., 2021). Indeed, memory performance critically
requires a functional circadian rhythm (Ruby et al., 2008;
reviewed in Gerstner and Yin, 2010), which are entrained by
a system of endogenous molecular clocks defining circadian
rhythms of gene expression and metabolic activity that
coordinate internal biological processes, synchronizing them
with external environmental cycles (Yamazaki et al., 2000;
reviewed in Mohawk et al. (2012)).

Animal models were paramount to establish the association
between the dysfunction of metabolic processes and of synaptic
plasticity with memory function (Walsh and Selkoe, 2004; Small
et al., 2011). Animal models of AD also recapitulate alterations
of circadian rhythms (reviewed in Sheehan and Musiek, 2020),
but they have not been thoughtfully exploited to detail the
interplay between alterations of memory, synaptic plasticity,
and brain metabolism in AD. The triple transgenic mouse
model of AD (3xTg-AD) shows circadian phenotypes more
consistent with human AD (Sheehan and Musiek, 2020); they
also present an accelerated deterioration of synaptic bioenergetics
accompanied by altered mitochondria (Yao et al., 2009; Espino
de la Fuente-Muñoz et al., 2020) and we have previously
shown that they display parallel alterations of hippocampal
synaptic plasticity with the onset and recovery of memory
performance (Silva et al., 2018). Thus, we now used male 3xTg-
AD mice with early but established memory dysfunction (at
24 weeks of age) to investigate if there were parallel alterations
of hippocampal-dependent behavior, hippocampal synaptic
plasticity, and mitochondria-associated metabolic alterations in
cerebrocortical synaptosomes at two representative times of the
day, Zeitgeber (ZT) 04 (4 h after lights on) and ZT 16 (4 h
after lights off).

MATERIALS AND METHODS

Animals
Non-Tg (C57BL6/129sv) and 3xTg-AD mice, harboring three
cumulative mutations in TauP301L, APPSwe, and γ-secretase
(PS1M146V) to model AD (Oddo et al., 2003), were obtained
from Dr. Frank LaFerla (Univ. California, Irvine, United States).
They were bred and maintained in our animal house as
two independent colonies. We selected using male mice since
circadian alterations were more consistent and evident in male
compared to female 3xTg-AD mice (Wu et al., 2018). They
were housed in groups of up to 5 under a 12 h light/12 h
dark cycle, a constant temperature of 23–27◦C and constant
relative humidity, with ad libitum access to water and food
in an enriched environment. All experiments were carried
out at Zeitgeber (ZT) 04 (4 h after lights on, i.e., inactive
phase) and ZT16 (4 h after lights off, i.e., active phase) in
24-week-old mice, where we have previously characterized the
alterations of hippocampal-dependent memory deficits together
with alterations of hippocampal synaptic plasticity (Silva et al.,
2018) as well as increases of cerebral cortical oxidative stress
(Mota et al., 2015). All animal procedures were approved by
the Ethical Committee of the Center for Neurosciences and Cell
Biology and Direção Geral de Veterenária (ORBEA_243_2020),

in accordance with the approved animal welfare guidelines
(FELASA) and European legislation (2010/63/EU).

Behavioral Testing
At the age of 8 weeks, mice were subjected to habituation to
handling and experimental user interaction which was performed
only in the dark cycle. All animal husbandry procedures and
experimental testing were performed under dim red light
conditions, to avoid phase shifts in circadian regulation. Animals
were divided into active phase (ZT16) and inactive phase group
(ZT04), and all experiments were performed in a 2-h time interval
from the respective ZT.

The Morris water maze (MWM) test was carried out as
previously described (Moreira-de-Sá et al., 2020). In brief, the
test consisted of a circular pool filled with water rendered
opaque by tempera paint, maintained at room temperature (i.e.,
20–21◦C) with a fixed platform hidden just below the water
surface level and visual cues hung on the walls of the testing
room as topographical cues. Each animal was placed into the
various quadrants of the pool and we first performed at day
0 a visible platform trial to ensure that all animals possessed
the visual accuracy required to perform the task. Each animal
then performed four trials per day for four consecutive days;
in each trial, the animal was allowed to swim for a period of
60 s until it found the hidden platform; when it reached the
platform, the animal was kept for 10 s on the platform. On the
5th day, the platform was removed from the pool, and each
animal was allowed to swim for a 60 s period. Several parameters
were measured, namely the time spent in the target quadrant, the
number of crosses over the platform location, the time elapsed till
reach the location of the platform, the mean speed, and the time
spent in the quadrant opposite to that having the platform.

We next carried out a reversal spatial learning test (D’Hooge
and De Deyn, 2001), which allows assessing the cognitive
flexibility necessary to extinguish old memories and form a new
memory (Hebb, 1949). The hidden platform was re-located to the
opposite quadrant and each animal was allowed to swim for 60 s
or until it found the relocated hidden platform. A total of four
trials were performed and time elapsed until finding the platform,
distance traveled in the different quadrants, and mean swimming
speed were recorded. Experiments were recorded and analyzed
using the ANY-maze R© software (Stoelting, United States).

Electrophysiological Recordings of
Synaptic Plasticity
The extracellular electrophysiological recordings were performed
as previously described (Silva et al., 2018) in acute transverse
slices from the dorsal hippocampus. For the active phase group
(ZT16), slices were prepared at ZT15, and recordings were made
between Zeitgeber 16 and 18. For the inactive phase group
(ZT04), slices were prepared at ZT03, and recordings were made
between Zeitgeber 04 and 06.

After deep anesthesia with an intraperitoneal injection
of avertin (250 mg/kg), mice were transcardially perfused
with 25–30 mL of room temperature carbogenated N-methyl-
D-glucamine—artificial cerebral spinal fluid (NMDG-aCSF)
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solution (92 mM NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4,
30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM
thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl2
and 10 mM MgSO4, titrated to pH 7.3–7.4 with concentrated
hydrochloric acid 37%). The brain was gently extracted and
placed into cold NMDG-aCSF solution for 1 min. Hippocampi
were dissected free, in an ice-cold NMDG-aCSF solution and
gassed with 95% O2 and 5% CO2. Slices with 400 µm thickness
were obtained with a McIllwain chopper and allowed to recover
in a Harvard Apparatus resting chamber filled with gassed (95%
O2 and 5% CO2) aCSF solution (124 mM NaCl, 3 mM KCl,
1.25 mM NaH2PO4, 10 mM glucose, 26 mM NaHCO3, 1 mM
MgSO4, 2 mM CaCl2) for 30 min at 35◦C and for 30 min at
room temperature.

Individual slices were transferred to a 1 mL capacity-recording
chamber for submerged slices and continuously superfused
at a rate of 3 mL/min with gassed aCSF kept at 30.5◦C.
Orthodromically-evoked field excitatory postsynaptic potentials
(fEPSP) were recorded through an extracellular microelectrode
pipette filled with 4 M NaCl (2–4 M� resistance) placed in
the stratum radiatum of the CA1 area, upon stimulation with a
bipolar concentric electrode placed on the Schaffer collaterals,
applying rectangular pulses of 0.1 ms every 20 s. No GABAergic
inhibitors were present. Responses were collected with an
ISO-80 amplifier (World Precision Instruments, Hertfordshire,
United Kingdom) and digitized using an ADC-42 board
(Pico Technologies, Pelham, NY, United States). Averages of 3
consecutive responses were acquired with the winLTP software
(Anderson and Collingridge, 2007) to quantify the initial slope of
the averaged fEPSPs. Input/output (I/O) curves were generated
by varying the stimulus intensity from 0 to 100 µA in 10 µA
steps, allowing to select a stimulation intensity to evoke an fEPSP
of about 40% of maximal amplitude. After obtaining a stable
basal line for 10 min, long-term potentiation (LTP) was evoked
by a high-frequency stimulation (HFS) train of 100 Hz and 1 s
duration. LTP was quantified as the percentage change between
the fEPSP slopes 60 min after and 15 min before the train.

Preparation of Cerebrocortical
Synaptosomes
Synaptosomes, a preparation most suitable for studying synaptic
function (Raiteri and Raiteri, 2000), were obtained as previously
described (Silva et al., 2018) from cerebrocortical tissue collected
at ZT04 and ZT16 from 3xTg-AD and non-Tg mice. In brief,
cerebral cortical tissue was placed into centrifuge tubes filled with
5 mL ice-cold 0.32 M sucrose solution containing 1 mM EDTA,
10 mM HEPES, 1 mg/mL bovine serum albumin (BSA), at pH
7.4 and homogenized using a 15-mL Teflon-glass tissue grinder.
The mixture was centrifuged at 3,000 × g for 10 min at 4◦C, the
supernatant was collected and centrifuged again at 14,000× g for
12 min at 4◦C. The pellet was then resuspended in 1 mL of a 45%
(v/v) Percoll in saline solution (156 mM NaCl, 3 mM KCl, 2 mM
MgSO4, 1.25 mM KH2PO4, 2 mM CaCl2, 10 mM glucose, and
10 mM HEPES, pH adjusted to 7.35) and centrifuged at 14,000
× g for 2 min at 4◦C. The pellet was washed twice with saline
solution and kept at 0–4◦C.

Oxygen Consumption
Oxygen consumption was measured using a Clark-type electrode
(YSI Model 5331, Yellow Springs Inst.) in a closed glass chamber
equipped with magnetic stirring and maintained at 30◦C, as
previously described (Santos et al., 2000). The experiments were
carried out in the cerebral cortex since hippocampal tissues were
used for electrophysiological analysis, thus enabling to carry out
all analyses in the same animals. Basal oxygen consumption was
evaluated in cerebral cortical synaptosomes collected either at
ZT04 or ZT16 from non-Tg or 3xTg-AD mice (∼0.4 mg/mL) in
1 mL of saline solution. The mitochondrial uncoupler cyanide p-
(trifluoromethoxy) phenylhydrazone (FCCP, 1 µM; Sigma) was
added, and oxygen consumption was recorded for an additional
2 min. Oxygen consumption was calculated assuming an oxygen
concentration of 230 nmol O2/mL.

Mitochondrial Membrane Potential (1ψm)
Mitochondrial membrane potential in synaptosomes was
measured as previously described (Amorim et al., 2017),
using 10 µg of synaptosomal protein, determined using the
bicinchoninic acid (BCA) protein assay kit from Biorad. Briefly,
cortical synaptosomes were incubated with the fluorophore
tetramethylrhodamine methyl ester (TMRM+, 300 nM; from
Invitrogen) for 30 min at 30◦C, followed by a spin down at
7,500 × g for 1 min at room temperature and resuspension in
saline solution. Synaptosomes were plated on a 96-well plate,
and fluorescence was read at 573 nm upon excitation at 548 nm.
We first established a 5 min baseline, before triggering the
depolarization of mitochondria by addition of FCCP (1 µM)
and of the ATP synthase inhibitor oligomycin (1 µg/mL; Sigma),
which effects were calculated after 3 min.

Mitochondrial Calcium Determination
MitoCa2+ retention can be indirectly measured by the rise in
Fura-2 fluorescence after complete mitochondrial depolarization
(and subsequent release of mitoCa2+ into cytosol) observed
following exposure to FCCP stimulation in the presence of
oligomycin. After a washing step with saline medium, cortical
synaptosomes were loaded with 5 µM of the ratiometric probe
Fura-2/AM in the same medium for 30 min at 30◦C, followed
by a spin down at 7,500 × g for 1 min at room temperature.
Synaptosomes (10 µg) were plated on a 96-well plate and Fura-
2 fluorescence measured using a Spectrofluorometer Gemini EM
(Molecular Devices) microplate reader at 340/380 nm excitation
and 510 nm emission wavelengths under basal condition and
after stimulation with 1 µM FCCP and 1 µg/mL oligomycin. All
plotted values were normalized for the initial baseline value.

Statistics
Data are mean ± SEM values or mean (95% confidence interval)
of the number of mice included in each experiment (n). Data
with one condition and one variable were analyzed with a
Student’s t-test. Data with more than one variable (genotype
and treatment) were analyzed with a two-way ANOVA followed
by Newman–Keuls post hoc test. Unless otherwise indicated the
significance level was 95%.
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RESULTS

Since memory performance, hippocampal synaptic plasticity, and
cortical mitochondria dysfunction are three critically affected
processes at the onset of AD, we assessed the circadian variation
of these three cardinal parameters in non-Tg and 3xTg-AD mice
at two different times of the day, namely Zeitgeber (ZT) 04
(inactive period) and 16 h (active period).

Circadian Variation of Learning and
Memory Deficit
We first compared the learning and memory performance of
non-Tg and 3xTg-AD mice using the Morris water maze test,
to limit the possible influence of the known circadian variation
of general activity and locomotion (Valentinuzzi et al., 2000;
Albrecht and Oster, 2001; Kopp, 2001), which is less evident
in a mildly aversive condition of water exposure to mice.
As expected, there was no major variation between non-Tg
and 3xTg-AD mice at both ZT of the total swam distance
[genotype: F(1, 22) = 0.174, p = 0.681; ZT: F(1, 22) = 0.519,
p = 0.479; Figure 1A], of the swimming speed [genotype:
F(1, 22) = 1.01, p = 0.326; ZT: F(1, 22) = 0.0599, p = 0.809;
Figure 1B] and of the latency to reach the visibly tagged platform
[genotype: F(1, 22) = 2.13, p = 0.159; ZT: F(1, 22) = 3.83, p = 0.063;
Figure 1C], indicating that both groups have similar motor and
visual capabilities in the tested conditions.

In accordance with our previous findings (Silva et al., 2018)
and of others using the Morris water maze test (Billings et al.,
2005), 3xTg-AD mice with 24 weeks of age tended to display
learning deficits, as suggested by a tendency for a slower learning
when compared to non-Tg mice (Figures 1D,E). As shown
in Figure 1D, non-Tg animals exhibited a circadian profile in
spatial learning, with a significantly lower escape latency time
to reach the hidden platform at ZT04 than at ZT16 (p = 0.047).
Notably, the analysis of 3xTg-AD mice learning curves showed
no difference between the two Zeitgebers (p = 0.877; Figure 1E).

When testing the retention of spatial memory upon removal of
the hidden platform, non-Tg mice performed significantly better
than 3xTg-AD mice, independently of the ZT (Figures 1F,G).
For instance, at ZT04, the number of crossings in the quadrant
previously containing the platform of non-Tg mice (4.57 ± 1.09,
n = 7) was larger (p = 0.028) than for 3xTg-AD mice
(1.43 ± 0.429, n = 7) (Figure 1F); likewise, the percentage
of time spent in the “correct” quadrant by non-Tg mice
(34.9 ± 2.79%, n = 7) was larger (p = 0.005) than for 3xTg-AD
mice (21.3 ± 2.77%, n = 7) (Figure 1G). There is a tendency for
a circadian variation in the ability of non-Tg mice to cross more
frequently (p = 0.074) and spend more time (p = 0.053) in the
correct quadrant at ZT16 than at ZT04, which was not evident for
3xTg-AD mice (p = 0.805 for the number of crossings between
and p = 0.165 for the percentage time in the correct quadrant
between ZT04 and ZT16).

In order to probe cognitive flexibility, we performed a
reversal-learning extension of the Morris water maze test, by
relocating on day 6 the platform to the opposite quadrant. As
shown in Figure 1H, non-Tg mice displayed a clear tendency
for a circadian variation of the performance in this reversal

spatial learning test (p = 0.054) that was not present in 3xTg-
AD mice (p = 0.149), which had a statistically significant
decline of cognitive flexibility compared to non-Tg mice only at
ZT16 (Figure 1H).

Circadian Variation of Hippocampal
Synaptic Plasticity
We next compared in non-Tg and 3xTg-AD mice the pattern
of circadian variation of hippocampal long-term potentiation
(LTP), which is a purported neurophysiological trait of memory
processing (see Martin et al., 2000; Lynch, 2004). We first
assessed if the basal excitatory synaptic transmission in Schaffer
fibers-CA1 synapses of hippocampal slices displayed a circadian
variation. As shown in Figure 2A, input–output (I-O) curves
showed an increased (p = 0.025; comparing EC50 values, n = 3–
4) synaptic strength at ZT16 compared to ZT04 in non-Tg
mice; in contrast, in 3xTg-AD mice, the input–output (I-O)
were nearly superimposable at the two tested ZT (p = 0.965;
comparing EC50 values, n = 4; Figure 2B). The high-frequency
stimulation (HFS)-induced LTP in hippocampal slices revealed a
similar alteration of the impact of circadian time. Thus, in non-
Tg mice, the magnitude of LTP in hippocampal slices collected
at ZT16 (51.0 ± 5.47%, n = 4) was larger (p = 0.016) than at
ZT04 (25.3 ± 5.51%, n = 4) (Figures 2C,D). This circadian-
related variation was no longer observed in 3xTg-AD mice:
here, the magnitude of LTP in hippocampal slices collected at
ZT04 (42.1 ± 15.1%, n = 4) was not significantly different
(p = 0.487) from LTP magnitude at ZT16 (30.0 ± 3.54%, n = 4)
(Figures 2E,F). Furthermore, as expected based on our previous
work, LTP magnitude was lower (p = 0.018) in 3xTg-AD mice
compared to non-Tg mice at ZT16 (Figures 2C–F). Although
these electrophysiological alterations in the hippocampus of
this AD mouse model are compatible with the predominant
dysfunction of glutamatergic synapses in early AD (Kirvell et al.,
2006; Canas et al., 2014), the lack of GABAergic inhibitors does
not exclude a contribution of an altered inhibitory transmission
(reviewed in Palop and Mucke (2016)).

Circadian Variation of Mitochondrial
Function in Cortical Synapses
Circadian rhythms impact brain metabolism, namely
mitochondrial oxygen consumption (Simon et al., 2003),
in general agreement with the evidence that mitochondrial
respiration is entrained by circadian rhythms in different tissues
(reviewed in de Goede et al., 2018). Different synaptic functions
also display a circadian variation (e.g., Barnes et al., 1977; Liston
et al., 2013; Jasinska et al., 2015; McCauley et al., 2020) as
best heralded by the circadian fluctuation of LTP magnitude
described above, but it has not been defined if the activity of
synaptic mitochondria also varies through the day.

As shown in Figure 3A, we now report that oxygen
consumption, expressed as nmol/mL/mg of protein, of
mitochondria purified from cerebrocortical synapses of non-Tg
mice display a larger basal (42.14 ± 2.34, n = 3, p = 0.0042)
and FCCP-stimulated oxygen consumption (55.48 ± 2.73,
n = 3, p = 0.0006) at ZT16 than the basal (23.55 ± 1.8, n = 3)

Frontiers in Aging Neuroscience | www.frontiersin.org 4 March 2022 | Volume 14 | Article 835885

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-835885 March 25, 2022 Time: 17:39 # 5

Carvalho da Silva et al. Altered Circadian Neurobiology in 3xTg-AD Mice

FIGURE 1 | Behavior comparison of non-Tg and 3xTg-AD mice at ZT04 (inactive phase) and ZT16 (active phase). There was no effect of genotype or circadian
period on swimming activity, assessed as the total distance traveled (A) and of the average speed (B) in the Morris water maze (MWM), or visual capabilities,
assessed as the latency to reach the visibly tagged platform in the MWM (C). The 3xTg-AD mice presented a poor learning performance in the MWM than non-Tg
mice at ZT04 but not at ZT16 (D,E), and there was a circadian variation of learning in non-Tg, which was not present in 3xTg-AD (D,E). Spatial reference memory
assessed in the MWM was poorer in 3xTg-AD than non-Tg mice at both times of the day without circadian variations (F,G), whereas reversal memory in the MWM
displayed a circadian variation in non-Tg mice, which was not present in 3xTg-AD mice, which displayed a poorer performance at ZT16 but not at ZT04 (H). Data are
mean ± SEM of 4–7 mice per group, as indicated by the individual symbols (non-Tg at ZT04 in gray squares, non-Tg at ZT16 in black squares, 3xTg-AD at ZT04 in
orange circles, and 3xTg-AD at ZT16 in red circles). Statistical analysis: ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001 vs. other ZT or between indicated bars using a
Newman–Keuls post hoc test after a two-way ANOVA.

and FCCP-stimulated oxygen consumption (32.12 ± 4.52,
n = 3) at ZT04. Notably, this circadian variation of oxygen
consumption is no longer observed in mitochondria purified
from cerebrocortical synapses of 3xTg-AD mice (basal oxygen
consumption at ZT04 of 36.30± 19.89, n = 3 and of 49.07± 6.58,
n = 3 at ZT16, p = 0.470; FCCP-stimulated oxygen consumption
at ZT04 of 37.97 ± 20.09, n = 3 and of 54.21 ± 8.19, n = 3 at
ZT16, p = 0.417). Mitochondrial membrane potential, assessed
with the potential-sensitive dye TMRM+, as previously described

(Amorim et al., 2017), displayed a tendency (p = 0.057) for
circadian variation in purified cerebrocortical synaptosomes
of non-Tg mice (Figures 3Bi,iii). TMRM+ fluorescence was
significantly decreased in 3xTg-AD mice at ZT16 (0.88 ± 0.09,
n = 3; p = 0.0098) compared with ZT04 (1.44 ± 0.23, n = 3)
(Figures 3Bii,iii), suggesting the presence of uncoupled
mitochondria in cortical synapses during the active phase in this
AD model. In addition, the increase in mitoCa accumulation in
synaptosomes from non-Tg mice at ZT16 (0.13 ± 0.006, n = 3;
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FIGURE 2 | Comparison of synaptic transmission and plasticity in hippocampal slices from non-Tg and 3xTg-AD mice collected near ZT04 (inactive phase) and
ZT16 (active phase). The input/output curves presenting the field excitatory post-synaptic responses (fEPSP, measured as their slope recorded in the dendritic field
of CA1 pyramidal neurons), with increasing stimulation intensity of the afferent Schaffer fibers, show that there was a circadian difference of synaptic transmission
with a greater synaptic efficiency at ZT16 than at ZT04 in non-Tg mice (A), which was not present in 3xTg-AD mice (B). The time course of variation of fEPSP
responses (expressed as percentage variation of the average basal values) (C) shows that a high-frequency stimulation (HFS, 100 Hz for 1 s) train triggered a
persistent increase of the fEPSP response (long-term potentiation, LTP) with a magnitude larger at ZT16 than at ZT04 in slices from non-Tg mice (C), which average
values are displayed in the bar graph (D). This circadian variation was not present in 3xTg-AD mice, as illustrated in the time course (E) and corresponding average
values of LTP magnitude (F). Data are mean ± SEM of 4–5 mice per group, as indicated by the individual symbols (non-Tg at ZT04 in gray squares, non-Tg at ZT16
in black squares, 3xTg-AD at ZT04 in orange circles, and 3xTg-AD at ZT16 in red circles). Statistical analysis: *p < 0.05 vs. other ZT or between indicated bars using
a Student’s t-test.

p = 0.0057), when compared to ZT04 (0.10 ± 0.009, n = 3)
(Figures 3Ci,iii), was completely abolished in 3xTg-AD mice
(p = 0.2094) (Figures 3Cii,iii). Overall, circadian variations in
synaptic mitochondrial activity and organelle Ca2+ retention are
highly affected in 3xTg-AD mice.

DISCUSSION

The exploitation in the present study of 3xTg mice as a model
of AD (Oddo et al., 2003), namely of early AD when used
at 6 months of age (Silva et al., 2018), allowed concluding
that there is a simultaneous disappearance of the circadian
variations of different key features that are deteriorated in
early AD, namely memory performance, hippocampal synaptic
plasticity and mitochondria function in cortical synapses.
This re-enforces the hypothesis that mechanisms defining
circadian rhythms may be key determinants of the proficiency

of the processes that characterize early AD (Sheehan and
Musiek, 2020). Such a hypothesis strengthens the proposal that
targeting these processes controlling circadian rhythms may
become a particularly powerful overarching strategy to mitigate
dysfunctions of afflicted brain regions in early AD.

The main novelty of this work is to integrate into the same
“context” the impact of AD and of circadian rhythms on different
endpoints that have bilaterally been related but are still not yet
integrated on a unified framework. Thus, there is evidence for
bilateral relations between mitochondria and LTP (Li et al., 2004,
2010; D’Amelio et al., 2011; Todorova and Blokland, 2017) and
of their parallel modification in disease conditions (Camandola
and Mattson, 2017; Olesen et al., 2020; Cleland et al., 2021),
under the premise that the recruitment of intense neuronal
activity involves an intense metabolic budget (Laughlin et al.,
1998; Harris et al., 2012) and may be limited by the availability
of energy resources (Attwell and Laughlin, 2001). Likewise, there
is a tight perceived association between LTP and memory, based
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FIGURE 3 | Comparison of mitochondrial function in cortical synapses from non-Tg and 3xTg-AD mice collected near ZT04 (inactive phase) and ZT16 (active
phase). (A) Oxygen consumption rates (OCR) in cortical synaptosomes isolated from 3xTg-AD vs. non-Tg mice, at ZT04 and ZT16, where the first set of bars
represents basal and FCCP induced-OCR at the two ZT’s for non-Tg mice, and the second set of bars represents the same parameters for 3xTg-AD animals.
Non-Tg animals display a circadian variation of both basal and FCCP-induced OCR, which is absent in 3xTg-AD. (B) Fluorometric analysis of mitochondrial
membrane potential in cortical synaptosomes from non-Tg (Bi) and 3xTg-AD mice (Bii) at ZT04 and ZT16, depicted by the representative trace of TMRM+

fluorescence. Quantification of TMRM+ fluorescence after complete mitochondrial depolarization achieved by addition oligomycin plus FCCP shows a circadian
variation for 3xTg-AD animals and a tendency in non-Tg mouse synaptosomes (Biii). (C) Fluorimetric analysis of mitoCa retention in cortical synaptosomes from
non-Tg (Ci) and 3xTg-AD (Cii) mice at ZT04 and ZT16, depicted by the representative traces of Fura2 fluorescence. Quantification of Fura2 fluorescence following
addition of oligomycin plus FCCP shows a circadian variation in non-Tg that is not observed in 3xTg-AD mouse synaptosomal mitochondria (Ciii). Data are presented
as the mean ± SEM, n = 3–4 mice, each run in triplicates. Statistical analysis: **p < 0.01 vs. other ZT, using a Student’s t-test.
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on the assumption that the former is the neurophysiological
basis of the latter (Martin et al., 2000; Lynch, 2004). Finally, it
has seldom been proposed that mitochondria-related metabolic
support is a determinant of memory performance (Stranahan
and Mattson, 2011). However, there is still no robust evidence
to allow establishing a firm causal link between the dysfunction
of synaptic mitochondria, synaptic plasticity, and memory. In
parallel, there is also good evidence that AD affects each of the
three endpoints evaluated in the present study, namely, memory
performance, hippocampal synaptic plasticity, and mitochondria
function (e.g., Du et al., 2010; Calkins et al., 2011; D’Amelio
et al., 2011; Lee et al., 2012), as now confirmed using the 3xTg-
AD mice modeling early AD. Finally, there is also compelling
evidence showing that alterations of the circadian rhythm can
affect metabolism, in particular mitochondria function (reviewed
in de Goede et al., 2018), synaptic plasticity (e.g., Harris and
Teyler, 1983; Raghavan et al., 1999; McCauley et al., 2020),
and behavior function, namely, memory performance (Schmidt
et al., 2007; Gerstner and Yin, 2010). However, there is still a
lack of a common framework to relate alterations of synaptic
mitochondria, synaptic plasticity, and memory performance with
alterations of the circadian rhythm in the context of AD.

Previous studies have described alterations of the circadian
rhythm associated with AD (Harper et al., 2005; Sheehan
and Musiek, 2020; Uddin et al., 2020; Toljan and Homolak,
2021), namely, at the onset of AD (Musiek et al., 2018),
and it has even been proposed that circadian variations may
be predictors of AD (Targa et al., 2021). In particular, it
has been previously reported that AD mouse models display
parallel modifications of memory and synaptic plasticity that are
associated with a modified circadian rhythm (Lanté et al., 2015;
He et al., 2020). Also, although there are previous reports of
circadian alterations of oxidative stress associated with memory
impairment in AD mouse models (Baño Otalora et al., 2012),
and of a circadian oscillation of properties of whole-brain
mitochondria (Simon et al., 2003), it has not previously been
investigated if there is a circadian variation of the functioning
specifically of synaptic mitochondria in early AD. This question
is of particular importance since synaptic mitochondria have
properties different from non-synaptic mitochondria (Lai et al.,
1977; Battino et al., 2000; Brown et al., 2006; Lores-Arnaiz
et al., 2016) and they are critical to sustain the functioning and
viability of synapses (Du et al., 2010; D’Amelio et al., 2011;
Olesen et al., 2020), which undergo a failure at the onset of
AD (Scheff et al., 2006; Mecca et al., 2020), to such an extent
that AD is considered a synaptic pathology at its onset (Selkoe,
2002). The present findings not only provide the first direct
demonstration that synaptic mitochondria display a circadian
variation of fundamental metabolic features such as their
membrane potential and oxygen consumption, but also show that
this circadian variation displayed by synaptic mitochondria is lost
in 3xTg-mice modeling early AD. Moreover, our data indicate
a simultaneous loss of circadian variation of key properties of
synaptic mitochondria in early AD, together with a similar loss
of the circadian variation of memory performance and LTP
magnitude in 3xTg mice. This provides the first demonstration in
the 3xTg mouse model of AD, which shows circadian phenotypes

more consistent with human AD (Sheehan and Musiek, 2020),
of circadian variations of memory and synaptic plasticity that
were shown in other AD rodent models (Baño Otalora et al.,
2012; Duncan et al., 2012; Lanté et al., 2015; Stevanovic et al.,
2017; Petrasek et al., 2018; He et al., 2020; Fusilier et al., 2021)
and in Drosophila AD models (Chen et al., 2014; Long et al.,
2014) and only inferred from proteomic analysis in 3xTg-AD
mice (Bellanti et al., 2017).

CONCLUSION

In conclusion, the present study illustrates a simultaneous impact
of an altered circadian rhythm in different variables that are
representative of early AD: thus, the present study provides
initial findings supporting the integration in the same framework
of AD-related alterations of synaptic mitochondria, synaptic
plasticity, and memory performance, all under simultaneous
control of the circadian rhythm. Although still tentative, this
proposal is consistent with the parallel disruption of circadian
variations of synaptic mitochondria, synaptic plasticity, and
memory performance in this animal model of early AD. This
prompts the interest in identifying the mechanisms by which
the processes responsible for defining circadian rhythms might
simultaneously control the different modifications assessed in
this study and certainly others that were not yet investigated.
Indeed, although clock genes seem to be able to control
mitochondria function (de Goede et al., 2018) as well as
synaptic plasticity and memory (Eckel-Mahan and Storm, 2009),
it remains to be established if the presently observed loss
of circadian variation of synaptic properties and memory is
either due to a direct effect of clock genes that are altered in
AD (Sheehan and Musiek, 2020) or instead to altered wake-
sleep cycles also present in AD (Colwell, 2021) that can affect
mitochondria (Smith and Musiek, 2020) as well as synaptic
plasticity and memory (Walker and Stickgold, 2006).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical
Committee of the Center for Neurosciences and Cell Biology and
Direção Geral de Veterenária (ORBEA_243_2020).

AUTHOR CONTRIBUTIONS

AC, AR, and RC designed the work and wrote the manuscript,
which was reviewed by all authors. CL and AC performed
behavioral experiments. AC and HS carried out the

Frontiers in Aging Neuroscience | www.frontiersin.org 8 March 2022 | Volume 14 | Article 835885

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-835885 March 25, 2022 Time: 17:39 # 9

Carvalho da Silva et al. Altered Circadian Neurobiology in 3xTg-AD Mice

electrophysiological recordings. AC and IF carried out the
experiments with mitochondria. AC, CL, HS, IF, and AT
analyzed the data.

FUNDING

This work was funded by the La Caixa Foundation
(LCF/PR/HP17/52190001), Centro 2020 (CENTRO-01-
0145-FEDER-000008:BrainHealth 2020, CENTRO-01-0145-
FEDER-000012-HealthyAging2020, and CENTRO-01-0246-
FEDER-000010), and FCT (POCI-01-0145-FEDER-03127,

POCI-01-0145-FEDER-032316, UIDP/04539/2020, and
UIDB/04539/2020). AC received an FCT individual fellowship
(SFRH/BD/51667/2011).

ACKNOWLEDGMENTS

AC would like to acknowledge the Ph.D. BEB program for
the scientific opportunity and his 2011 PDBEB Students for
the life journey. To all scientific colleagues who, although
not signing this manuscript, have always been scientific
mates, our appraisal.

REFERENCES
Albrecht, U., and Oster, H. (2001). The circadian clock and behaviour. Behav. Brain

Res. 125, 89–91.
Amorim, J. A., Canas, P. M., Tomé, A. R., Rolo, A. P., Agostinho, P., Palmeira,

C. M., et al. (2017). Mitochondria in excitatory and inhibitory synapses have
similar susceptibility to amyloid-β peptides modeling Alzheimer’s disease.
J. Alzheimers Dis. 60, 525–536. doi: 10.3233/JAD-170356

Anderson, W. W., and Collingridge, G. L. (2007). Capabilities of the WinLTP
data acquisition program extending beyond basic LTP experimental functions.
J. Neurosci. Methods 162, 346–356. doi: 10.1016/j.jneumeth.2006.12.018

Attwell, D., and Laughlin, S. B. (2001). An energy budget for signaling in the grey
matter of the brain. J. Cereb. Blood Flow Metab. 21, 1133–1145. doi: 10.1097/
00004647-200110000-00001

Baño Otalora, B., Popovic, N., Gambini, J., Popovic, M., Viña, J., Bonet-Costa,
V., et al. (2012). Circadian system functionality, hippocampal oxidative stress,
and spatial memory in the APPswe/PS1dE9 transgenic model of Alzheimer
disease: effects of melatonin or ramelteon. Chronobiol. Int. 29, 822–834. doi:
10.3109/07420528.2012.699119

Barnes, C. A., McNaughton, B. L., Goddard, G. V., Douglas, R. M., and
Adamec, R. (1977). Circadian rhythm of synaptic excitability in rat and
monkey central nervous system. Science 197, 91–92. doi: 10.1126/science.1
94313

Battino, M., Quiles, J. L., Huertas, J. R., Mataix, J. F., Villa, R. F., and Gorini,
A. (2000). Cerebral cortex synaptic heavy mitochondria may represent the
oldest synaptic mitochondrial population: biochemical heterogeneity and
effects of L-acetylcarnitine. J. Bioenerg. Biomembr. 32, 163–173. doi: 10.1023/a:
1005559930210

Bellanti, F., Iannelli, G., Blonda, M., Tamborra, R., Villani, R., Romano, A., et al.
(2017). Alterations of clock gene RNA expression in brain regions of a triple
transgenic model of Alzheimer’s disease. J. Alzheimers Dis. 59, 615–631. doi:
10.3233/JAD-160942

Billings, L. M., Oddo, S., Green, K. N., McGaugh, J. L., and LaFerla, F. M. (2005).
Intraneuronal Aβ causes the onset of early Alzheimer’s disease-related cognitive
deficits in transgenic mice. Neuron 45, 675–688. doi: 10.1016/j.neuron.2005.01.
040

Brown, M. R., Sullivan, P. G., and Geddes, J. W. (2006). Synaptic mitochondria
are more susceptible to Ca2+-overload than nonsynaptic mitochondria. J. Biol.
Chem. 281, 11658–11668. doi: 10.1074/jbc.M510303200

Calkins, M. J., Manczak, M., Mao, P., Shirendeb, U., and Reddy, P. H. (2011).
Impaired mitochondrial biogenesis, defective axonal transport of mitochondria,
abnormal mitochondrial dynamics and synaptic degeneration in a mouse model
of Alzheimer’s disease. Hum. Mol. Genet. 20, 4515–4529. doi: 10.1093/hmg/
ddr381

Camandola, S., and Mattson, M. P. (2017). Brain metabolism in health, aging, and
neurodegeneration. EMBO J. 36, 1474–1492. doi: 10.15252/embj.201695810

Canas, P. M., Simões, A. P., Rodrigues, R. J., and Cunha, R. A. (2014). Predominant
loss of glutamatergic terminal markers in a β-amyloid peptide model of
Alzheimer’s disease. Neuropharmacology 76, 51–56. doi: 10.1016/j.neuropharm.
2013.08.026

Chen, K. F., Possidente, B., Lomas, D. A., and Crowther, D. C. (2014). The central
molecular clock is robust in the face of behavioural arrhythmia in a Drosophila

model of Alzheimer’s disease. Dis. Model Mech. 7, 445–458. doi: 10.1242/dmm.
014134

Cleland, N. R. W., Al-Juboori, S. I., Dobrinskikh, E., and Bruce, K. D. (2021).
Altered substrate metabolism in neurodegenerative disease: new insights from
metabolic imaging. J. Neuroinflammation 18:248. doi: 10.1186/s12974-021-
02305-w

Colwell, C. S. (2021). Defining circadian disruption in neurodegenerative
disorders. J. Clin. Invest. 131:e148288. doi: 10.1172/JCI148288

D’Amelio, M., Cavallucci, V., Middei, S., Marchetti, C., Pacioni, S., Ferri, A., et al.
(2011). Caspase-3 triggers early synaptic dysfunction in a mouse model of
Alzheimer’s disease. Nat. Neurosci. 14, 69–76. doi: 10.1038/nn.2709

de Goede, P., Wefers, J., Brombacher, E. C., Schrauwen, P., and Kalsbeek, A.
(2018). Circadian rhythms in mitochondrial respiration. J. Mol. Endocrinol. 60,
R115–R130. doi: 10.1530/JME-17-0196

D’Hooge, R., and De Deyn, P. P. (2001). Applications of the Morris water maze
in the study of learning and memory. Brain Res. Rev. 36, 60–90. doi: 10.1016/
s0165-0173(01)00067-4

Du, H., Guo, L., Yan, S., Sosunov, A. A., McKhann, G. M., and Yan, S. S. (2010).
Early deficits in synaptic mitochondria in an Alzheimer’s disease mouse model.
Proc. Natl. Acad. Sci. U. S. A. 107, 18670–18675. doi: 10.1073/pnas.1006586107

Duncan, M. J., Smith, J. T., Franklin, K. M., Beckett, T. L., Murphy, M. P., St Clair,
D. K., et al. (2012). Effects of aging and genotype on circadian rhythms, sleep,
and clock gene expression in APPxPS1 knock-in mice, a model for Alzheimer’s
disease. Exp. Neurol. 236, 249–258. doi: 10.1016/j.expneurol.2012.05.011

Eckel-Mahan, K. L., and Storm, D. R. (2009). Circadian rhythms and memory: not
so simple as cogs and gears. EMBO Rep. 10, 584–591. doi: 10.1038/embor.2009.
123

Espino de la Fuente-Muñoz, C., Rosas-Lemus, M., Moreno-Castilla, P., Bermúdez-
Rattoni, F., Uribe-Carvajal, S., and Arias, C. (2020). Age-dependent decline in
synaptic mitochondrial function is exacerbated in vulnerable brain regions of
female 3xTg-AD mice. Int. J. Mol. Sci. 21:8727. doi: 10.3390/ijms21228727

Fusilier, A. R., Davis, J. A., Paul, J. R., Yates, S. D., McMeekin, L. J., Goode,
L. K., et al. (2021). Dysregulated clock gene expression and abnormal diurnal
regulation of hippocampal inhibitory transmission and spatial memory in
amyloid precursor protein transgenic mice. Neurobiol. Dis. 158:105454. doi:
10.1016/j.nbd.2021.105454

Gerstner, J. R., and Yin, J. C. (2010). Circadian rhythms and memory formation.
Nat. Rev. Neurosci. 11, 577–588. doi: 10.1038/nrn2881

Harper, D. G., Volicer, L., Stopa, E. G., McKee, A. C., Nitta, M., and Satlin, A.
(2005). Disturbance of endogenous circadian rhythm in aging and Alzheimer
disease. Am. J. Geriatr. Psychiatry 13, 359–368. doi: 10.1176/appi.ajgp.13.5.359

Harris, J. J., Jolivet, R., and Attwell, D. (2012). Synaptic energy use and supply.
Neuron 75, 762–777. doi: 10.1016/j.neuron.2012.08.019

Harris, K. M., and Teyler, T. J. (1983). Age differences in a circadian influence on
hippocampal LTP. Brain Res. 261, 69–73. doi: 10.1016/0006-8993(83)91284-2

He, Y., Li, Y., Zhou, F., Qi, J., and Wu, M. (2020). Decreased circadian fluctuation in
cognitive behaviors and synaptic plasticity in APP/PS1 transgenic mice. Metab.
Brain Dis. 35, 343–352. doi: 10.1007/s11011-019-00531-z

Hebb, D. O. (1949). The Organization of Behavior. New York: Wiley.
Jasinska, M., Grzegorczyk, A., Woznicka, O., Jasek, E., Kossut, M., Barbacka-

Surowiak, G., et al. (2015). Circadian rhythmicity of synapses in mouse
somatosensory cortex. Eur. J. Neurosci. 42, 2585–2594. doi: 10.1111/ejn.13045

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2022 | Volume 14 | Article 835885

https://doi.org/10.3233/JAD-170356
https://doi.org/10.1016/j.jneumeth.2006.12.018
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.3109/07420528.2012.699119
https://doi.org/10.3109/07420528.2012.699119
https://doi.org/10.1126/science.194313
https://doi.org/10.1126/science.194313
https://doi.org/10.1023/a:1005559930210
https://doi.org/10.1023/a:1005559930210
https://doi.org/10.3233/JAD-160942
https://doi.org/10.3233/JAD-160942
https://doi.org/10.1016/j.neuron.2005.01.040
https://doi.org/10.1016/j.neuron.2005.01.040
https://doi.org/10.1074/jbc.M510303200
https://doi.org/10.1093/hmg/ddr381
https://doi.org/10.1093/hmg/ddr381
https://doi.org/10.15252/embj.201695810
https://doi.org/10.1016/j.neuropharm.2013.08.026
https://doi.org/10.1016/j.neuropharm.2013.08.026
https://doi.org/10.1242/dmm.014134
https://doi.org/10.1242/dmm.014134
https://doi.org/10.1186/s12974-021-02305-w
https://doi.org/10.1186/s12974-021-02305-w
https://doi.org/10.1172/JCI148288
https://doi.org/10.1038/nn.2709
https://doi.org/10.1530/JME-17-0196
https://doi.org/10.1016/s0165-0173(01)00067-4
https://doi.org/10.1016/s0165-0173(01)00067-4
https://doi.org/10.1073/pnas.1006586107
https://doi.org/10.1016/j.expneurol.2012.05.011
https://doi.org/10.1038/embor.2009.123
https://doi.org/10.1038/embor.2009.123
https://doi.org/10.3390/ijms21228727
https://doi.org/10.1016/j.nbd.2021.105454
https://doi.org/10.1016/j.nbd.2021.105454
https://doi.org/10.1038/nrn2881
https://doi.org/10.1176/appi.ajgp.13.5.359
https://doi.org/10.1016/j.neuron.2012.08.019
https://doi.org/10.1016/0006-8993(83)91284-2
https://doi.org/10.1007/s11011-019-00531-z
https://doi.org/10.1111/ejn.13045
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-835885 March 25, 2022 Time: 17:39 # 10

Carvalho da Silva et al. Altered Circadian Neurobiology in 3xTg-AD Mice

Kirvell, S. L., Esiri, M., and Francis, P. T. (2006). Down-regulation of vesicular
glutamate transporters precedes cell loss and pathology in Alzheimer’s disease.
J. Neurochem. 98, 939–950. doi: 10.1111/j.1471-4159.2006.03935.x

Kopp, C. (2001). Locomotor activity rhythm in inbred strains of mice, implications
for behavioural studies. Behav. Brain Res. 125, 93–96. doi: 10.1016/s0166-
4328(01)00289-3

Lai, J. C., Walsh, J. M., Dennis, S. C., and Clark, J. B. (1977). Synaptic and
non-synaptic mitochondria from rat brain: isolation and characterization.
J. Neurochem. 28, 625–631. doi: 10.1111/j.1471-4159.1977.tb10434.x

Lanté, F., Chafai, M., Raymond, E. F., Pereira, A. R., Mouska, X., Kootar, S., et al.
(2015). Subchronic glucocorticoid receptor inhibition rescues early episodic
memory and synaptic plasticity deficits in a mouse model of Alzheimer’s disease.
Neuropsychopharmacology 40, 1772–1781. doi: 10.1038/npp.2015.25

Laughlin, S. B., de Ruyter van Steveninck, R. R., and Anderson, J. C. (1998). The
metabolic cost of neural information. Nat. Neurosci. 1, 36–41. doi: 10.1038/236

Lee, S. H., Kim, K. R., Ryu, S. Y., Son, S., Hong, H. S., Mook-Jung, I., et al.
(2012). Impaired short-term plasticity in mossy fiber synapses caused by
mitochondrial dysfunction of dentate granule cells is the earliest synaptic deficit
in a mouse model of Alzheimer’s disease. J. Neurosci. 32, 5953–5963. doi: 10.
1523/JNEUROSCI.0465-12.2012

Li, Z., Jo, J., Jia, J. M., Lo, S. C., Whitcomb, D. J., Jiao, S., et al. (2010). Caspase-
3 activation via mitochondria is required for long-term depression and AMPA
receptor internalization. Cell 141, 859–871. doi: 10.1016/j.cell.2010.03.053

Li, Z., Okamoto, K., Hayashi, Y., and Sheng, M. (2004). The importance of dendritic
mitochondria in the morphogenesis and plasticity of spines and synapses. Cell
119, 873–887. doi: 10.1016/j.cell.2004.11.003

Liston, C., Cichon, J. M., Jeanneteau, F., Jia, Z., Chao, M. V., and Gan, W. B. (2013).
Circadian glucocorticoid oscillations promote learning-dependent synapse
formation and maintenance. Nat. Neurosci. 16, 698–705. doi: 10.1038/nn.3387

Long, D. M., Blake, M. R., Dutta, S., Holbrook, S. D., Kotwica-Rolinska, J.,
Kretzschmar, D., et al. (2014). Relationships between the circadian system and
Alzheimer’s disease-like symptoms in Drosophila. PLoS One 9:e106068. doi:
10.1371/journal.pone.0106068

Lores-Arnaiz, S., Lombardi, P., Karadayian, A. G., Orgambide, F., Cicerchia,
D., and Bustamante, J. (2016). Brain cortex mitochondrial bioenergetics in
synaptosomes and non-synaptic mitochondria during aging. Neurochem. Res.
41, 353–363. doi: 10.1007/s11064-015-1817-5

Lynch, M. A. (2004). Long-term potentiation and memory. Physiol. Rev. 84,
87–136. doi: 10.1152/physrev.00014.2003

Martin, S. J., Grimwood, P. D., and Morris, R. G. (2000). Synaptic plasticity and
memory: an evaluation of the hypothesis. Annu. Rev. Neurosci. 23, 649–711.
doi: 10.1146/annurev.neuro.23.1.649

McCauley, J. P., Petroccione, M. A., D’Brant, L. Y., Todd, G. C., Affinnih, N.,
Wisnoski, J. J., et al. (2020). Circadian modulation of neurons and astrocytes
controls synaptic plasticity in hippocampal area CA1. Cell Rep. 33:108255.
doi: 10.1016/j.celrep.2020.108255

Mecca, A. P., Chen, M. K., O’Dell, R. S., Naganawa, M., Toyonaga, T., Godek, T. A.,
et al. (2020). In vivo measurement of widespread synaptic loss in Alzheimer’s
disease with SV2A PET. Alzheimers Dement. 16, 974–982. doi: 10.1002/alz.
12097

Mohawk, J. A., Green, C. B., and Takahashi, J. S. (2012). Central and peripheral
circadian clocks in mammals. Ann. Rev. Neurosci. 35, 445–462. doi: 10.1146/
annurev-neuro-060909-153128

Moreira-de-Sá, A., Gonçalves, F. Q., Lopes, J. P., Silva, H. B., Tomé, Â. R., Cunha,
R. A., et al. (2020). Adenosine A2A receptors format long-term depression and
memory strategies in a mouse model of Angelman syndrome. Neurobiol. Dis.
146:105137. doi: 10.1016/j.nbd.2020.105137

Mota, S. I., Costa, R. O., Ferreira, I. L., Santana, I., Caldeira, G. L., Padovano,
C., et al. (2015). Oxidative stress involving changes in Nrf2 and ER stress in
early stages of Alzheimer’s disease. Biochim. Biophys. Acta 1852, 1428–1441.
doi: 10.1016/j.bbadis.2015.03.015

Musiek, E. S., Bhimasani, M., Zangrilli, M. A., Morris, J. C., Holtzman, D. M., and
Ju, Y. S. (2018). Circadian rest-activity pattern changes in aging and preclinical
Alzheimer disease. JAMA Neurol. 75, 582–590. doi: 10.1001/jamaneurol.2017.
4719

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed,
R., et al. (2003). Triple-transgenic model of Alzheimer’s disease with plaques

and tangles: intracellular Abeta and synaptic dysfunction. Neuron 39, 409–421.
doi: 10.1016/s0896-6273(03)00434-3

Olesen, M. A., Torres, A. K., Jara, C., Murphy, M. P., and Tapia-Rojas, C. (2020).
Premature synaptic mitochondrial dysfunction in the hippocampus during
aging contributes to memory loss. Redox Biol. 34:101558. doi: 10.1016/j.redox.
2020.101558

Palop, J. J., and Mucke, L. (2016). Network abnormalities and interneuron
dysfunction in Alzheimer disease. Nat. Rev. Neurosci. 17, 777–792. doi: 10.1038/
nrn.2016.141

Petrasek, T., Vojtechova, I., Lobellova, V., Popelikova, A., Janikova, M., Brozka, H.,
et al. (2018). The McGill transgenic rat model of Alzheimer’s disease displays
cognitive and motor impairments, changes in anxiety and social behavior, and
altered circadian activity. Front. Aging Neurosci. 10:250. doi: 10.3389/fnagi.
2018.00250

Raghavan, A. V., Horowitz, J. M., and Fuller, C. A. (1999). Diurnal modulation
of long-term potentiation in the hamster hippocampal slice. Brain Res. 833,
311–314. doi: 10.1016/s0006-8993(99)01523-1

Raiteri, L., and Raiteri, M. (2000). Synaptosomes still viable after 25 years of
superfusion. Neurochem. Res. 25, 1265–1274. doi: 10.1023/a:1007648229795

Ruby, N. F., Hwang, C. E., Wessells, C., Fernandez, F., Zhang, P., Sapolsky, R.,
et al. (2008). Hippocampal-dependent learning requires a functional circadian
system. Proc. Natl. Acad. Sci. U. S. A. 105, 15593–15598. doi: 10.1073/pnas.
0808259105

Santos, M. S., Duarte, A. I., Moreira, P. I., and Oliveira, C. R. (2000). Synaptosomal
response to oxidative stress: effect of vinpocetine. Free Radic. Res. 32, 57–66.
doi: 10.1080/10715760000300061

Scheff, S. W., Price, D. A., Schmitt, F. A., and Mufson, E. J. (2006). Hippocampal
synaptic loss in early Alzheimer’s disease and mild cognitive impairment.
Neurobiol. Aging 27, 1372–1384. doi: 10.1016/j.neurobiolaging.2005.09.012

Scheltens, P., Blennow, K., Breteler, M. M., de Strooper, B., Frisoni, G. B., Salloway,
S., et al. (2016). Alzheimer’s disease. Lancet 388, 505–517. doi: 10.1016/S0140-
6736(15)01124-1

Schmidt, C., Collette, F., Cajochen, C., and Peigneux, P. (2007). A time to think:
circadian rhythms in human cognition. Cogn. Neuropsychol. 24, 755–789. doi:
10.1080/02643290701754158

Selkoe, D. J. (2002). Alzheimer’s disease is a synaptic failure. Science 298, 789–791.
doi: 10.1126/science.1074069

Sheehan, P. W., and Musiek, E. S. (2020). Evaluating circadian dysfunction in
mouse models of Alzheimer’s disease: where do we stand? Front. Neurosci.
14:703. doi: 10.3389/fnins.2020.00703

Silva, A. C., Lemos, C., Gonçalves, F. Q., Pliássova, A. V., Machado, N. J., Silva,
H. B., et al. (2018). Blockade of adenosine A2A receptors recovers early deficits
of memory and plasticity in the triple transgenic mouse model of Alzheimer’s
disease. Neurobiol. Dis. 117, 72–81. doi: 10.1016/j.nbd.2018.05.024

Simon, N., Papa, K., Vidal, J., Boulamery, A., and Bruguerolle, B. (2003). Circadian
rhythms of oxidative phosphorylation: effects of rotenone and melatonin on
isolated rat brain mitochondria. Chronobiol. Int. 20, 451–461. doi: 10.1081/cbi-
120021385

Small, S. A., Schobel, S. A., Buxton, R. B., Witter, M. P., and Barnes, C. A. (2011).
A pathophysiological framework of hippocampal dysfunction in ageing and
disease. Nat. Rev. Neurosci. 12, 585–601. doi: 10.1038/nrn3085

Smith, S. K., and Musiek, E. S. (2020). Impact of circadian and diurnal rhythms on
cellular metabolic function and neurodegenerative diseases. Int. Rev. Neurobiol.
154, 393–412. doi: 10.1016/bs.irn.2020.02.005

Stevanovic, K., Yunus, A., Joly-Amado, A., Gordon, M., Morgan, D., Gulick, D.,
et al. (2017). Disruption of normal circadian clock function in a mouse model
of tauopathy. Exp. Neurol. 294, 58–67. doi: 10.1016/j.expneurol.2017.04.015

Stranahan, A. M., and Mattson, M. P. (2011). Bidirectional metabolic regulation of
neurocognitive function. Neurobiol. Learn. Mem. 96, 507–516. doi: 10.1016/j.
nlm.2011.01.004

Targa, A. D. S., Benítez, I. D., Dakterzada, F., Fontenele-Araujo, J., Minguez,
O., Zetterberg, H., et al. (2021). The circadian rest-activity pattern
predicts cognitive decline among mild-moderate Alzheimer’s disease patients.
Alzheimers Res. Ther. 13:161. doi: 10.1186/s13195-021-00903-7

Todorova, V., and Blokland, A. (2017). Mitochondria and synaptic plasticity in
the mature and aging nervous system. Curr. Neuropharmacol. 15, 166–173.
doi: 10.2174/1570159X14666160414111821

Frontiers in Aging Neuroscience | www.frontiersin.org 10 March 2022 | Volume 14 | Article 835885

https://doi.org/10.1111/j.1471-4159.2006.03935.x
https://doi.org/10.1016/s0166-4328(01)00289-3
https://doi.org/10.1016/s0166-4328(01)00289-3
https://doi.org/10.1111/j.1471-4159.1977.tb10434.x
https://doi.org/10.1038/npp.2015.25
https://doi.org/10.1038/236
https://doi.org/10.1523/JNEUROSCI.0465-12.2012
https://doi.org/10.1523/JNEUROSCI.0465-12.2012
https://doi.org/10.1016/j.cell.2010.03.053
https://doi.org/10.1016/j.cell.2004.11.003
https://doi.org/10.1038/nn.3387
https://doi.org/10.1371/journal.pone.0106068
https://doi.org/10.1371/journal.pone.0106068
https://doi.org/10.1007/s11064-015-1817-5
https://doi.org/10.1152/physrev.00014.2003
https://doi.org/10.1146/annurev.neuro.23.1.649
https://doi.org/10.1016/j.celrep.2020.108255
https://doi.org/10.1002/alz.12097
https://doi.org/10.1002/alz.12097
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1016/j.nbd.2020.105137
https://doi.org/10.1016/j.bbadis.2015.03.015
https://doi.org/10.1001/jamaneurol.2017.4719
https://doi.org/10.1001/jamaneurol.2017.4719
https://doi.org/10.1016/s0896-6273(03)00434-3
https://doi.org/10.1016/j.redox.2020.101558
https://doi.org/10.1016/j.redox.2020.101558
https://doi.org/10.1038/nrn.2016.141
https://doi.org/10.1038/nrn.2016.141
https://doi.org/10.3389/fnagi.2018.00250
https://doi.org/10.3389/fnagi.2018.00250
https://doi.org/10.1016/s0006-8993(99)01523-1
https://doi.org/10.1023/a:1007648229795
https://doi.org/10.1073/pnas.0808259105
https://doi.org/10.1073/pnas.0808259105
https://doi.org/10.1080/10715760000300061
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1080/02643290701754158
https://doi.org/10.1080/02643290701754158
https://doi.org/10.1126/science.1074069
https://doi.org/10.3389/fnins.2020.00703
https://doi.org/10.1016/j.nbd.2018.05.024
https://doi.org/10.1081/cbi-120021385
https://doi.org/10.1081/cbi-120021385
https://doi.org/10.1038/nrn3085
https://doi.org/10.1016/bs.irn.2020.02.005
https://doi.org/10.1016/j.expneurol.2017.04.015
https://doi.org/10.1016/j.nlm.2011.01.004
https://doi.org/10.1016/j.nlm.2011.01.004
https://doi.org/10.1186/s13195-021-00903-7
https://doi.org/10.2174/1570159X14666160414111821
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-835885 March 25, 2022 Time: 17:39 # 11

Carvalho da Silva et al. Altered Circadian Neurobiology in 3xTg-AD Mice

Toljan, K., and Homolak, J. (2021). Circadian changes in Alzheimer’s disease:
neurobiology, clinical problems, and therapeutic opportunities. Handb. Clin.
Neurol. 179, 285–300. doi: 10.1016/B978-0-12-819975-6.00018-2

Uddin, M. S., Tewari, D., Mamun, A. A., Kabir, M. T., Niaz, K., Wahed, M. I. I., et al.
(2020). Circadian and sleep dysfunction in Alzheimer’s disease. Ageing Res. Rev.
60:101046. doi: 10.1016/j.arr.2020.101046

Valentinuzzi, V. S., Buxton, O. M., Chang, A. M., Scarbrough, K., Ferrari, E. A.,
Takahashi, J. S., et al. (2000). Locomotor response to an open field during
C57BL/6J active and inactive phases, differences dependent on conditions of
illumination. Physiol. Behav. 69, 269–275. doi: 10.1016/s0031-9384(00)00219-5

Walker, M. P., and Stickgold, R. (2006). Sleep, memory, and plasticity. Annu. Rev.
Physiol. 57, 139–166. doi: 10.1146/annurev.psych.56.091103.070307

Walsh, D. M., and Selkoe, D. J. (2004). Deciphering the molecular basis of memory
failure in Alzheimer’s disease. Neuron 44, 181–193. doi: 10.1016/j.neuron.2004.
09.010

Wu, M., Zhou, F., Cao, X., Yang, J., Bai, Y., Yan, X., et al. (2018). Abnormal
circadian locomotor rhythms and Per gene expression in six-month-old triple
transgenic mice model of Alzheimer’s disease. Neurosci. Lett. 676, 13–18. doi:
10.1016/j.neulet.2018.04.008

Yamazaki, S., Numano, R., Abe, M., Hida, A., Takahashi, R., Ueda, M., et al. (2000).
Resetting central and peripheral circadian oscillators in transgenic rats. Science
288, 682–685. doi: 10.1126/science.288.5466.682

Yao, J., Irwin, R. W., Zhao, L., Nilsen, J., Hamilton, R. T., and Brinton, R. D.
(2009). Mitochondrial bioenergetic deficit precedes Alzheimer’s pathology in
female mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 106,
14670–14675. doi: 10.1073/pnas.0903563106

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Carvalho da Silva, Lemos, Silva, Ferreira, Tomé, Rego and Cunha.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 March 2022 | Volume 14 | Article 835885

https://doi.org/10.1016/B978-0-12-819975-6.00018-2
https://doi.org/10.1016/j.arr.2020.101046
https://doi.org/10.1016/s0031-9384(00)00219-5
https://doi.org/10.1146/annurev.psych.56.091103.070307
https://doi.org/10.1016/j.neuron.2004.09.010
https://doi.org/10.1016/j.neuron.2004.09.010
https://doi.org/10.1016/j.neulet.2018.04.008
https://doi.org/10.1016/j.neulet.2018.04.008
https://doi.org/10.1126/science.288.5466.682
https://doi.org/10.1073/pnas.0903563106
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Simultaneous Alteration of the Circadian Variation of Memory, Hippocampal Synaptic Plasticity, and Metabolism in a Triple Transgenic Mouse Model of Alzheimer's Disease
	Introduction
	Materials and Methods
	Animals
	Behavioral Testing
	Electrophysiological Recordings of Synaptic Plasticity
	Preparation of Cerebrocortical Synaptosomes
	Oxygen Consumption
	Mitochondrial Membrane Potential (ΔΨm)
	Mitochondrial Calcium Determination

	Statistics

	Results
	Circadian Variation of Learning and Memory Deficit
	Circadian Variation of Hippocampal Synaptic Plasticity
	Circadian Variation of Mitochondrial Function in Cortical Synapses

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


