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Alzheimer’s disease (AD) is a neurocognitive disorder that impacts both the brain and
behavior. Metal ions, including zinc (Zn), have been seen to play an important role
in AD-related pathology. In this study, we show alterations in wheel-running behavior
both early and late in disease progression in a novel dual Tg mouse model of AD.
This mouse includes both amyloid and tau pathology through its cross with the J20
(hAPP) and P301L (Tau) parentage. Animals were given either lab water or water that had
been supplemented with 10 ppm Zn. Wheel running was assessed through individually
housing mice and measuring wheel-running activity in both the light and dark cycles.
Dual Tg mice showed significantly less activity in the first part of the dark cycle than
WT mice at both 3.5 and 7 months of age (p < 0.05). Dual Tg mice given Zn water
showed less activity compared to dual Tg mice on lab water, tau mice on Zn water,
or WT mice given either lab or Zn water (p < 0.05) at 7 months. Female mice in this
study consistently showed higher activity compared to male mice in all groups whereas
Zn led to reduced activity. Daily activity rhythm was altered in both the tau and dual
Tg mice, and Zn impacted this alteration through effects on amyloid, tau, and through
circadian pathways.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative condition that involves accumulations of harmful
proteins, including amyloid plaques and tau tangles. The prevalence of AD is significant:
approximately 5.8 million Americans are diagnosed today and, with populations living longer,
these statistics are projected to increase substantially by the year 2025 (Alzheimer’s Association,
2019). Apart from progressive neuronal pathology, AD leads to many behavioral problems, the
most characteristic of which is loss of memory. Apart from substantial memory deficits, which
worsen as the disease progresses, there are other behaviors that are impaired. One which causes
significant problems for caregivers is a disturbance in the circadian rhythms (CR) of AD patients;
this is one of the major reasons for institutionalization (Bianchetti et al., 1995; Coogan et al., 2013;
Duncan and Zee, 2013; Holth et al., 2017).

Previous research and drug development has focused on amyloid (Cummings et al., 2018)
but tau is becoming increasingly important to examine when studying AD. Tau pathology is
considered to correlate better with cognitive diminishment than amyloid based on its distribution
and progression across the brain (Braak and Braak, 1991) and no amyloid-targeting therapies in the
drug-development pipeline have been successful to date (Kametani and Hasegawa, 2018).
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Disturbances in the sleep-wake cycle are noted in AD patients
(Musiek et al., 2015) and have been seen in numerous mouse
models of AD. These disruptions have been seen in not only
the 3xTgAD (Sterniczuk et al., 2010) and 5xFAD mouse models
(Sethi et al., 2015) but also in solely amyloid (Wisor et al., 2005)
and tau (Craven et al., 2018) mice. As a non-cognitive measure,
disturbances in circadian activity can be an early indicator of
and a precursor to upcoming dementia (Tranah et al., 2011;
Leng et al., 2019).

One factor that may be mediating AD behavioral changes is
the bio-metal, zinc (Zn). Zinc, Iron (Fe), and Copper (Cu) are
all found in the plaques associated with AD (Lovell et al., 1998;
Suh et al., 2000) and these metals can affect both behavior and
the progression of the disease (Linkous et al., 2009; Railey et al.,
2011; Bush, 2013; Adlard and Bush, 2018; Craven et al., 2018).
In AD, the homeostasis of these crucial metals is disturbed and
can cause exacerbations in neuronal pathology. Zinc’s interaction
with amyloid leads to decreased amounts of Zn availability; this
can impact neuronal signaling as less Zn is available for co-
release with glutamate in synaptic transmissions. Both amyloid
(Aβ) and neurofibrillary tau interact with Zn (Mo et al., 2009;
Barnham and Bush, 2014; Huang et al., 2014). Zinc can affect
both kinase activity (Boom et al., 2009) and phosphatase activity
(Xiong et al., 2013) which leads to alterations in tau’s structure
and its propensity to aggregate.

In vitro studies are valuable in assessing the impact of Zn on
tau and Aβ, however, changes in the levels of one metal can affect
the levels of others in vivo (Maret and Sandstead, 2006). The use
of animal models for AD allows for more translational findings
and the ability to see the impact that Zn has on behavior in
conjunction with AD pathology. Excess zinc causes impairments
in many behaviors, including CR, in mice modeling AD which
contain either human amyloid or human tau (Graybeal et al.,
2015; Boggs et al., 2017; Craven et al., 2018). We have now
examined changes in daily activity rhythm in a mouse model
of AD containing both human amyloid and human tau (Lippi
et al., 2018) and examined the effect of zinc administration in
these mice. Mice were examined at both 3.5 and 7 months; sex
differences in activity were also examined. We report here the
results of a study of daily activity rhythm in a mouse model of AD
that contains both human amyloid and human tau. Genotype (Tg
v. WT) had a significant effect; in addition, zinc administration,
sex, and age all had effects on daily activity rhythm in the Tg mice,
but not on the Wt mice, with zinc having the greatest effect on
the dual Tg mice.

MATERIALS AND METHODS

Animals
Dual Tg mice (those mice arising from the cross between the
J20 and rTg4510 mouse models, Jax) have been previously
characterized by Lippi et al. (2018) and were used to assess wheel-
running activity compared to those mice containing P301L tau
under the tetracycline transactivator system, and mice containing
no AD mutations (wildtype, WT). Male mice used in the breeding
were those harboring the SWE and IND APP mutations (J20 –

B6.Cg-Zbtb20Tg(PDGFB−APPSwInd)20Lms/2Mmjax); these mice are
on a B6 background and are hemizygous. Female mice used in
the breeding were those with the P301L tau mutation under
control of the tetracycline transactivator (rTg4510 – Tg(Camk2a-
tTA)1Mmay Fgf14Tg(tetO−MAPT∗P301L)4510Kha/J); the female mice
were on a mixed FVBxC57BL/6 background, as they are
maintained on this background at the Jackson Lab. The rTg4510
mice used were hemizygous for Tg(Camk2a-tTA)1Mmay and
hemizygous for Fgf14Tg(tetO−MAPT∗P301L)4510Kha. These breeding
mice were paired and offspring were genotyped (Transnetyx,
Inc.). Offspring used in this study were of the F1 generation.
“Wildtype” mice used and discussed in this paper are those mice
that were genotyped and had no presence of any of the used
mutations. Mice were assessed at both 3.5 and 7 months, to assess
early and later stage changes in pathology.

Mice were housed based on sex and genotype. Additionally,
mice were housed with littermates. Each cage (Animal Care
Systems) contained a running wheel and an igloo with food
and water given ad libitum. Rat cages were used, as opposed
to mouse cages, to allow enrichment devices to fit while having
multiple mice in a cage. The light cycle was maintained on a 12-h
light/12-h dark cycle consistent with animal colony housing.

All procedures done involving animals in this project were
approved by the George Mason University IACUC.

Zinc Water
Mice were given either standard laboratory water or water with
10 ppm Zn added. Zinc water (ZnCO3) was prepared with a
10,000 ppm solution dissolved in 5% nitric acid and buffered
with sodium carbonate to reach neutral pH (∼7). Samples were
sent to the United States Geological Survey (USGS) (Reston,
VA, United States) to ensure accurate Zn levels throughout the
duration of the experiment. This formulation of 10 ppm Zn has
been done in prior studies assessing Zn’s impact on Tg mice from
our lab (Linkous et al., 2009; Flinn et al., 2014; Craven et al.,
2018). Mice in the Zn water condition began receiving Zn water at
8 weeks of age and continued throughout the length of the study.
A breakdown of animals by sex, genotype, and water condition
can be seen in Table 1. This table represents the group Ns at both
time periods (the same mice that were assessed at 3.5 months are
the same as those analyzed at 7 months).

Wheel Running (Daily Activity Rhythm
Measurement)
Mice in the current experiment underwent a battery of behavioral
tests, including those to measure learning and memory (Barnes

TABLE 1 | Study sample size.

Dual Transgenic (n = 18) Tau (n = 23) Wildtype (n = 20)

Male Female Male Female Male Female

Lab Water 4 4 4 7 5 5

Zinc Water 5 5 5 7 6 4

N = 61
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Maze), anxiety [open field test and elevated zero maze (EZM)],
depression (forced swim test), and activities of daily living
(burrowing and nesting) (Lippi et al., 2018). After burrowing and
nesting behavior were assessed, and prior to forced swim activity
data collection, mice were tested for daily wheel-running activity.

Each mouse was singly housed in a circadian rhythm (CR)
running wheel cage (Coulbourne Instruments). Cages consisted
of one voluntary running wheel, corncob bedding (to avoid
entanglement with the wheel), and a hopper for food and water
(whether lab or Zn-supplemented). Actiview Biological Rhythm
Analysis software (Minimitter Co.) was used to record the
number of wheel rotations for each minute.

Wheel-running activity for respective CR cages was recorded
for a total of 9 days, with the first (cage set-up) and last (cage take-
down) days excluded from analysis. Total wheel rotations were
averaged across the median 7 days to generate a mean number of
wheel rotations for each hour of the 24-h cycle.

Statistical Analysis
Wheel-running data from the CR cages were summed for each
hour and then analyzed by days. The hourly data for each day
were averaged to give an average for each hour. This data was
then split into separate 12-h light (ZT0-12) and dark (ZT12-23)
cycles for analysis. Light and dark cycle data were analyzed using
a 3 × 12 repeated measures ANOVA with factors of genotype,
water type, and sex by hour. Significant results were followed-up
with an ANOVA to see at what times significant differences were
present, using three or more consecutive significantly different
time intervals as a post-hoc. All data were analyzed using p< 0.05
as the cutoff for significance, and p < 0.10 to indicate a trend.

RESULTS

Animals were tested twice, once at age 3.5 months and again at
7 months. We were interested in assessing pathology early and
late in disease progression, so analyses for each testing session/age
were performed separately. Mauchly’s Test of Sphericity was
significant for all analyses so a Greenhouse-Geisser correction
was used. Analysis of light cycle data revealed a significant
hour × genotype effect at 3.5 months (p < 0.05), however,
post-hoc analysis was unable to reveal an individual effect or
time range for significance, and no differences were observed
at 7 months. Therefore, this analysis focuses solely on dark
cycle data. Data were analyzed in the following order: effect of
genotype, effect of water, and effect of sex. Finally, all data were
considered together.

Effect of Genotype
This analysis collapsed animals across sex and water. No
overall effect was seen for the 3.5 month mice; however,
effects of hour × genotype were seen at both 3.5 months
[F(5.86,143.48) = 9.771, p < 0.001, Figure 1A], and 7 months
[F(5.789,141.66) = 14.331, p < 0.001, Figure 1A]. Follow-up
analysis of the hour × genotype effect showed the dual transgenic
animals were less active than the wild type animals at hours
ZT12-17 at 3.5 months, (consecutive p < 0.05) and ZT 12-16

at 7 months (consecutive p < 0.05) (Figure 1A). Additionally,
at 7 months tau animals were less active than wild type animals
at hours ZT12-15 (consecutive p < 0.05), and more active at
hours ZT21-23 (consecutive p < 0.05). An effect of genotype on
total dark cycle activity was present at 7 months [F(2,49) = 3.18,
p = 0.05, Figure 1A], Follow-up analysis of the effect of genotype
on total dark cycle activity showed that dual transgenic animals
were less active than wild type animals at 7 months (p < 0.05).

Effect of Drinking Water
The effect of adding zinc to the drinking water was then
examined. This analysis collapsed animals across sex. An effect of
hour × water was observed at 3.5 months [F(2.93,143.48) = 4.29,
p < 0.01, Figure 2A], but not at 7 months. We observed a
trend for an effect of hour × water × genotype at 3.5 months
[F(5.86,143.48) = 1.89, p < 0.1, Figure 2B]. Follow-up analysis of
the hour × water × genotype effect at 3.5 months showed that
zinc increased activity only in the tau animals early in the dark
cycle from hours ZT 13-15, (all consecutive p < 0.05). Although
there was not an effect of adding Zn at 7 months, there was an
interaction between water × genotype which affected total dark
cycle activity at 7 months [F(2,49) = 4.10), p < 0.05, Figure 2C]
(Follow-up analysis of the interaction at 7 months showed that
the dual transgenic animals on zinc water were less active than
dual transgenic lab, tau zinc, WT lab, and WT zinc animals), i.e.,
significantly less active than all other groups except for tau lab.

Effect of Sex
We then examined the effect of the sex of the mice. This analysis
collapsed animals across water type. We observed an effect on
total dark cycle activity at both 3.5 [F(1,49) = 6.29], p < 0.05
and 7 [F(1,49) = 11.50, p < 0.001, Figure 3A] months. Female
animals were more active in the dark cycle than the males.
A trend for an effect of hour × sex was present only at 7 months
[F(2.89,141.66) = 2.18, p< 0.1, Figure 3A]. The hour × sex effect
at 7 months showed female animals were more active from ZT
15-22, from the mid to late dark cycle (all consecutive p < 0.05).
There was a significant effect of sex in wild type animals on total
dark cycle activity levels at both 3.5 [F(1, 18) = 7.15, p< 0.05] and
7 [F(1, 18) = 9.5, p < 0.05] months.

Genotype, Water, and Sex Together
The effect of water type by sex on dark cycle activity was broken
down by genotype and age (Figure 4). The data show that in
general, females were more active than males and zinc reduced
activity. This was most notable in the 7 month dual transgenic
mice, where the lab females had significantly higher activity than
either sex on zinc (both p < 0.05). but did not differ significantly
from males on lab water.

DISCUSSION

We have shown that a novel mouse model, previously shown
to exhibit deficits in both cognitive (Barnes maze) and non-
cognitive (burrowing and nesting) behaviors (Lippi et al., 2018),
exhibited disturbances in wheel-running activity both early and
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FIGURE 1 | Comparison of dark cycle activity by (A) Genotype by age and (B) age by genotype. Wildtype animals showed significantly higher total dark cycle
activity than dual Tg animals at 7 months; hourly differences showed dual Tg animals were significantly less active than wildtypes early in the dark cycle,
ZT12-17 at 3.5 months and ZT12-16 at 7 months. At 7 months tau animals were significantly less active than WT mice early in the dark cycle, ZT12-15,
and significantly more active than WT mice later, ZT21-23 (∗p < 0.05).

late in development of AD pathology. Analysis showed that the
activity of the Wt mice did not vary with age, zinc administration,
or sex; however, these variables did affect both the tau and dual Tg
mice, with the dual Tg mice being the most affected, particularly
with respect to zinc administration.

Activity during the dark cycle typically starts at a high rate and
falls off as the night progresses in Wt mice (Boggs et al., 2017;
Logan et al., 2018), and this pattern was seen here in the Wt mice
at both 3.5 and 7 months. The pattern was similar in the tau mice
at 3.5 months, but began to differ from the Wt mice at 7 months,
where the level of activity in the tau mice showed less variation
across the night, as shown in Figure 1. The dual Tg mice had an
atypical pattern at both 3.5 and 7 months, with a consistent level
of activity across the dark cycle at both ages. Activity in AD mice
in our sample was lower than that of the WT mice in the early part
of the night cycle at both 3.5 months and 7 months. This lowered
activity in AD mice is in agreement with Wu et al. (2018) who
used the 3xTg-AD mouse, containing mutations in amyloid, tau,

and the PS1 gene, and found that AD mice had lower total daily
activity in running compared to WT mice.

We noted significant differences in the pattern of activity
across the night in the three groups at both 3.5 and 7 months
(see Figure 1); the greatest difference was between the WT and
dual Tg animals. Compared to WT mice, who at both testing
ages showed similar characteristic patterns of falling activity
across the dark cycle, dual Tg mice had relatively constant
activity at both ages.

This mouse model may be suitable for future daily activity
rhythm analysis since wheel-running activity was disrupted early
on; others have assessed wheel running in AD mice at later ages
(Duncan et al., 2012; Boggs et al., 2017; Craven et al., 2018; Wu
et al., 2018). Further analysis showed that the activity of the Wt
mice did not vary significantly with age, zinc administration, or
sex; however, these variables did affect both the tau and dual Tg
mice, with the dual Tg mice being the most affected, particularly
with respect to zinc administration. There was an overall effect
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FIGURE 2 | Comparison of dark cycle activity by (A) water type by age, (B) water type by genotype at 3.5 months, and (C) water type by genotype at 7 months. Tau
animals exclusively showed a trend for increased activity from ZT 13-15 (#) when administered Zn at 3.5 months. Dual Tg animals on Zn were significantly less active
than all other groups except tau lab at 7 months (∗p < 0.05, @p < 0.10, boxed # indicates a change summed across dark cycle hours).

of sex, with females showing greater activity than the males. The
greatest differences in activity due to Zn administration were seen
in the dual Tg mice at 7 months. These results are discussed in
more detail below.

Alzheimer’s Disease Pathology and
Circadian Activity in Mice
Previous studies have shown that progression of amyloid and tau
pathology can lead to disruptions in circadian rhythm activity in

mice. In C57BL/6J mice with no AD mutations, administration
of the Aβ31-35 fragment into the hippocampus led to an increase
in free-running period and changes in Per1 and 2 in both the
suprachiasmatic nucleus (SCN) and hippocampus in constant
darkness (Wang et al., 2016). Per1 and Per 2 were shown to
be lower in mice receiving the fragment in both the SCN and
the hippocampus.

Transgenic mice harboring mutations in AD genes have also
shown disruptions in wheel-running activity. Sterniczuk et al.
(2010) assessed circadian wheel-running activity in the 3xTgAD
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FIGURE 3 | Comparison of dark cycle activity by (A) sex by age, (B) sex by genotype at 3.5 months, and (C) sex by genotype at 7 months. Female animals showed
significantly higher dark cycle activity compared to males at both 3.5 and 7 months (A). At 7 months, this increase was present in hours ZT 15-22
(all time intervals, p < 0.05). Female wild type animals were significantly more active than wild type males at both 3.5 and 7 months (∗p < 0.05, boxed
# indicates a significant effect summed across dark cycle hours).

mouse model. Their results corroborate the findings in the
present study: both young and old 3xTgAD mice exhibited
less nighttime activity compared to WT/control mice. Tau
mice harboring the P301L mutation had delayed activity onset
compared to WT mice (Craven et al., 2018) and this delay was

exacerbated by Zn administration. P301L tau mice, that have tau
expression regulated through CaMKIIa promotion, had delayed
activity onset during the evening, with P301L tau mice receiving
Zn water showing a further delay in activity onset compared
to those receiving lab water (Craven et al., 2018). The present
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FIGURE 4 | Comparison dark cycle activity by (A) sex by water type by genotype at 3.5 months, and (B) sex by water type by genotype at 7 months. At 7 months,
dual Tg females on lab water were significantly more active than either sex on Zn water, p < 0.05 (boxed # indicates a significant effect summed across dark
cycle hours).

study showed that Zn led to alterations early on in the P301L tau
animals, with Zn unexpectedly increasing the activity early in the
dark cycle (Figure 2B).

A late-onset model of AD explored by Boggs et al. (2017)
showed that, compared to C57 controls, APP/E4 (transgenic)
mice did not exhibit a typical decline in activity throughout
the night. Instead, similar to the dual Tg mice here, there was
only a slight decrease, with lower activity compared to control
mice during the beginning of the dark cycle and higher levels
at the end of the dark cycle at both young (pre-plaque) and old
(post-plaque) ages.

The Role of Zinc in Daily Rhythm Activity
Increasing zinc through the drinking water had no effect on the
daily rhythm activity in Wt mice in this study, which is consistent
with results from other studies (Craven et al., 2018; Moshirpour
et al., 2020). However, there was a significant effect for the dual
Tg mice, where activity decreased, and a smaller effect for the tau
mice, where activity increased.

As shown in Figure 2C, the dual Tg mice given Zn water had
lower activity than all groups except tau lab mice at 7 months, but
this was not seen at 3.5 months. They also had the lowest activity
of all groups studied.

Zinc is found in a number of regions in the circadian rhythm
circuit (Moshirpour et al., 2020) including the intergeniculate
leaflet (IGL) of the thalamus and the melanopsin-containing
retinal ganglion cells which feed into the suprachiasmatic nucleus
and the IGL. The data indicate that Zn interacts with amyloid
and or tau in some region of the circuit, as yet unknown. Overall,
what we present here is that there was a much stronger effect at
7 months; this may be due to the effect of increased levels of tau
and/or amyloid interacting with Zn ions.

Zinc does not affect daily activity rhythms in wildtype mice
at 7 months, thus indicating that the reduced activity seen in the
dual Tg mice is due to an interaction with Zn and amyloid or
tau. The changes are not due to a loss of activity in general in the
7 month dual Tg mice since there were no significant differences
in distance traveled in the open field test between dual and tau
mice at this age (Lippi et al., 2018).

The Role of Zinc in Sleep
Zinc’s impact on sleep has been investigated in both humans
and animals. Cherasse et al. (2015) showed that Zn, in the form
of a Zn-containing yeast extract, led to decreases in locomotor
activity in a dose-dependent manner, but only when given at
the beginning of the dark cycle. This decrease in activity was
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accompanied by an increase in NREM sleep. Zinc concentrations
in this range 1–160 mg/kg were administered; there was a dose-
dependent effect. The 40 mg led to a drop of ∼16% but the
maximum effect was seen at 80 mg/kg where the reduction was
over 50% and similar to that at 160 mg. Additionally, yeast extract
led to an increase in NREM sleep in mice given either 40 mg/kg
or 80 mg/kg Zn compared to vehicle; in both cases, the NREM
sleep increased in the first hour. This dose is higher than what
was used in the current study; the lower concentrations of Zn-
enriched yeast are more similar to the present study’s make up
of Zn administration. These lower doses were not significantly
different from vehicle administration given by Cherasse et al.
(2015). Therefore, the lower activity seen in the dual Tg mice
given Zn could be a product of Zn administration and interaction
with AD pathology, rather than the Zn itself.

In a review on the way that dietary Zn can impact sleep,
Cherasse and Urade (2017) discussed how Zn administration
can impact sleep quality and amount in mice and humans.
As evidence for the effects of Zn supplementation in humans,
latency for sleep-onset and sleep efficiency were measured after
being given either oysters, a food rich in Zn, or supplements
aimed to impact Zn absorption. Specifically, the group eating
oysters were shown to have significantly improved sleep efficiency
and lower sleep-onset latency compared to the placebo group
(Saito et al., 2016). This study showed that Zn has the ability to
improve sleep after being ingested for several months. Baradari
et al. (2018) also found that zinc improved sleep quality and
sleep latency in nurses; the dose used was 220 mg. However,
ingestion of too much Zn may be problematic in AD patients
since administration of Zn could possibly lead to enhanced AD
pathology as discussed below.

The Effect of Zinc on Alzheimer’s
Disease as a Function of Age
The impairments in daily activity rhythms were seen at
3.5 months in both mice raised on lab water and Zn enhanced
water, with the Zn effects increasing significantly at 7 months in
the dual Tg mice. This is a different pattern than that seen with
other measures in these mice, such as the Barnes maze, nesting,
or burrowing (Lippi et al., 2018). In these cases, the impairment
of mice on lab water was already severe at 3.5 months and Zn had
no further effect. The fact that Zn produced a stronger effect on
daily activity rhythms at 7 months, with the dual Tg mice showing
such low levels of activity in both male and female mice, suggests
that there may be a different mechanism at work, potentially
involving the eye.

The relationship between Zn and AD is complex. Zinc can
interact with both amyloid and tau as these species tightly bind
the metal, leading to higher propensities of Aβ aggregation
and tau fibrillization (Mo et al., 2009; Miller et al., 2010).
One theory of AD (Bush, 2008) suggests that Zn and Cu
both bind with amyloid in the synaptic cleft; thus, the levels
of both could be reduced. Lippi et al. (2018) confirmed this
reduction in Zn through use of Zinpyr-1 fluorescence in the
hippocampus, demonstrating that dual Tg mice had less free Zn
than wildtype mice. Since Zn competes with Cu for entry into

the body, increased Zn in the drinking water could enhance the
Cu deficiency, and one study shows that a Zn-related spatial
memory deficit in mice with APP is remediated by adding Cu
(Railey et al., 2011). However, Zn also interacts with tau, and
Craven et al. (2018) and Lippi et al. (2018) both show that Zn
can increase hyperphosphorylation in tau mice. Additionally,
Lippi et al. (2018) showed that the dual Tg mice had less free
Zn in the hippocampus compared to wildtype mice; this is
hypothesized to be due to increased binding with amyloid and tau
pathology present within the hippocampus of these mice. Thus,
Zn can have a negative effect in AD due to its interaction with
both tau and APP.

Measuring Zinc in the Brain
As indicated above, we did find reduced free Zn in the
hippocampus of the dual Tg mice (Lippi et al., 2018). Although
Zn measurements are not presented in this paper, in other
research, our method of Zn administration (10 ppm ZnCO3) was
shown to increase free Zn fluorescence in the hippocampus of
wildtype mice (Lippi et al., 2019).

In order to measure total Zn, both bound and free, researchers
can use a number of methods such as ICPMS and X-ray
synchrotron fluorescence (Flinn et al., 2005; Neely et al., 2019).
However, levels of free Zn are notoriously hard to measure.
Lippi et al. (2018) showed that dual Tg mice had significantly
less free Zn in the hippocampus compared to wildtype mice,
using Zinpyr-1 (a probe measuring free Zn fluorescence). This
reduction in free Zn is hypothesized to be due to interactions
with AD proteins that can bind Zn ions directly. Zinpyr-1 has
also been used by Lippi et al. (2019) to show that the dose
of Zn water given to these animals (10 ppm ZnCO3) leads
to greater amounts of free Zn fluorescence (an indicator of
more free Zn) in the hippocampus of wildtype mice. Despite
use of these Zinpyr probes or X-ray synchrotron fluorescence,
levels of free Zn are notoriously hard to measure. Maret (2015)
states that although probes and sensors can provide qualitative
differences in free Zn ion concentrations, when researchers
seek to establish quantitative differences, there needs to be
consideration for the assumptions underlying the use of probes
and sensors. Additionally, changes in free Zn ions tend to be
compared using ratios.

Sex Differences
An important factor to consider when measuring behavioral
changes in mouse models of AD is biological sex of the animal
subjects. Sex differences were noted at both testing ages. At
3.5 months, overall, female animals showed significantly more
dark cycle activity than males and at 7 months they were
significantly more active than males from the mid to late dark
cycle (Figure 3A). These differences were significant in the Wt
mice and similar patterns of activity were seen amongst the other
conditions (dual Tg and tau), although not statistically significant
(Figures 3B,C). Wu et al. (2018) showed similar results, in that
the total daily activity in female mice was greater than that of male
mice, regardless of genotype (WT v. 3xTg-AD). While Wu et al.
(2018) tested at 6 months of age, we saw these differences at an
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early testing age; at 3.5 months; however, the differences were less
in the transgenic mice than in the Wt mice.

While research shows that women experience AD more than
men (Viña and Lloret, 2010; Li and Singh, 2014), as compared
to mild cognitive impairment (MCI) (Mielke et al., 2014), studies
conducted in non-human models still often only use male mice.
However, a number of studies included both sexes and showed
different circadian rhythms in the sexes. Mouse models assessing
circadian rhythms and sleep solely in male mice, have shown
that age can impact sleep and wheel running activity in non-
Tg inbred mouse strains (Valentinuzzi et al., 1997; Hasan et al.,
2012). The 3xTg-AD mouse model showed altered circadian
locomotor rhythms (Wu et al., 2018) with female mice showing
less disruptions compared to males. Female 3xTgAD mice have
also been found to be less active than non-Tg mice during
the evening (lights-off) period (Sterniczuk et al., 2010). By
including sex as a factor, research with AD mouse models can
be more inclusive of the actual population as well as highlight
differences between males and females which may lead to a
better understanding of why females are different than males
with regards to AD.

Interaction Between Sex, Zinc, and
Genotype
The dependence of activity on sex, water type, and genotype is
shown for 3.5 and 7 months in Figure 4. The greatest effect was
seen for the dual Tg mice at 7 months, where both the male
and female mice on Zn had significantly lower activity than the
females on lab water.

Background Strains and Their Impacts
on Circadian Activity
Daily activity rhythms, as well as open field activity and body
temperature have been shown to be impacted by background
strains of mice (Connolly and Lynch, 1981). Circadian disruption
(leaving the lights on constantly) has been shown to lead to
behavioral differences in male C57BL6/N and C57BL6/J mice
(Capri et al., 2019). Earlier research has also shown that control
strains of mice also differ in stability of circadian rhythms
when exposed to constant darkness (Ebihara et al., 1978). These
differences in activity, temperature, and circadian rhythms could
impact research involving groups of mice not all bred from the
same set of breeder parents or in projects involving ordering
different control animals than a mixed background breeding
scheme allows.

The mixed strain characteristic of the F1 mice used in this
study is a component to address. The FVB/N and C57BL6/J
strains have been compared in the literature as it relates
to circadian wheel activity (Pugh et al., 2004). They found
that, compared to C57BL6/J mice, FVB/N mice had greater
activity in the light phase and never reached the same level
of activity during the dark period. C57BL6J mice were also
shown to entrain well to a 12:12 light/dark cycle compared
to the FVB/N mice. It is important to note, however, that
only male mice were used in the circadian wheel activity
analysis and that in the current project, the F1 generation

was of a mixed background. Wildtype mice (those genotyped
as having no mutations in hAPP or tau, and those not
including the promoter to express tau) were littermates and
produced through the breeding process, helping to control for
any additional background differences that may have impacted
behavioral differences.

One possible confound is that the genetic makeup of the
rTg4510 mouse contains a deletion involving a portion of Vipr2,
a gene that plays a role in circadian activity and is found
in the suprachiasmatic nucleus (Harmar et al., 2002). Harmar
et al. (2002) have shown that the overall activity of Vipr2-/-
mice is significantly less than that of Wt animals; thus affecting
Vipr2 could have caused a loss in activity in the tau mice.
Vipr2+/- mice have a reduced ability to bind their selective
ligands, which indicates a gene-dose effect (Harmar et al., 2002);
these mice would be similar to those mice used in the current
study containing the CaMKIIa-tTA transgene. The tau mice
did show a lower rate of activity overall than the WT mice
at 3.5 months (Figure 1A), although this difference was not
significant. However, at 7 months tau animals had a different
overall pattern of activity, being significantly less active than WT
animals at ZT 12-15 and more active than WT mice at ZT 21-
23 (Figure 1B). In contrast, at 3.5 months, the dual Tg mice
were significantly less active than the WT mice in ZT 12-17,
and at 7 months they were less active than the WT mice at
ZT 12-16. As AD pathology worsened, their activity decreased;
this behavior in the dual Tg mice indicates an effect above and
beyond that of the tau transgene and its effect on the Vipr2
gene. Additionally, Boggs et al. (2017) found that mice with both
APP and E4 had a reduced level of activity, again showing an
impairment due to AD pathology. Future studies assessing daily
rhythm activity in the rTg4510 mouse or any offspring of crosses
with this strain should be mindful of the genetic impact that may
be playing a role.

IMPLICATIONS

In addition, research should explore whether mice with solely
amyloid mutations exhibit similar disruptions in wheel-running
as the dual Tgs examined here. This should be examined as a
function of age and zinc administration. Zinc intake can also
disturb the balance of other biometals, including copper. Excess
Zn can lead to deficiencies in Cu (Maret and Sandstead, 2006).
Rats given 10 ppm Zn had spatial memory deficits; however,
when also given 0.025 ppm Cu, these spatial memory deficits
were remediated (Chrosniak et al., 2006; Railey et al., 2010,
2011). Thus the effect of Zn plus Cu on circadian activity should
also be examined.

CONCLUSION

In summary, we have shown that the dual Tg mouse model of AD
has alterations in wheel-running behavior that is impacted by Zn
administration. Dual Tg mice showed lower activity compared to
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other genotype groups, particularly as a function of age, and Zn
led to a significant reduction in their wheel-running activity.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the George
Mason University IACUC.

AUTHOR CONTRIBUTIONS

SL and JF wrote and revised the manuscript. PK conducted the
statistical analyses and provided plots and captions of the all data.
MS conducted the wheel-running experiments and gathered all
data used in this manuscript. All authors contributed to the article
and approved the submitted version.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Erin Murdoch for her
willingness to review the manuscript, in particular the
statistical analysis.

REFERENCES
Adlard, P. A., and Bush, A. I. (2018). Metals and Alzheimer’s disease: how far have

we come in the clinic? J. Alzheimers Dis. 62, 1369–1379. doi: 10.3233/JAD-
170662

Alzheimer’s Association (2019). Alzheimer’s Disease Facts and Figures. Chicago, IL:
Alzheimer’s Association.

Baradari, A. G., Alipour, A., Mahdavi, A., Sharifi, H., Nouraei, S. M., and Zeydi,
A. E. (2018). The effect of zinc supplementation on sleep quality of ICU nurses: a
double blinded randomized controlled trial. Workplace Health Saf. 66, 191–200.
doi: 10.1177/2165079917734880

Barnham, K. J., and Bush, A. I. (2014). Biological metals and metal-targeting
compounds in major neurodegenerative diseases. Chem. Soc. Rev. 43, 6727–
6749. doi: 10.1039/c4cs00138a

Bianchetti, A., Scuratti, A., Zanetti, O., Binetti, G., Frisoni, G. B., Magni, E., et al.
(1995). Predictors of mortality and institutionalization in Alzheimer disease
patients 1 year after discharge from an Alzheimer dementia unit. Dementia 6,
108–112. doi: 10.1159/000106930

Boggs, K. N., Kakalec, P. A., Smith, M. L., Howell, S. N., and Flinn, J. M. (2017).
Circadian wheel running behavior is altered in an APP/E4 mouse model of late
onset Alzheimer’s disease. Physiol. Behav. 182, 137–142. doi: 10.1016/j.physbeh.
2017.09.021

Boom, A., Authelet, M., Dedecker, R., Frédérick, C., Heurck, R., Daubie, V., et al.
(2009). Bimodal modulation of tau protein phosphorylation and conformation
by extracellular Zn2+ in human-tau transfected cells. Biochim. Biophys. Acta
1793, 1058–1067. doi: 10.1016/j.bbamcr.2008.11.011

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/bf00308809

Bush, A. I. (2008). Drug development based on the metals hypothesis of
Alzheimer’s disease. J. Alzheimers Dis. 15, 223–240. doi: 10.3233/JAD-2008-
15208

Bush, A. I. (2013). The metal theory of Alzheimer’s disease. J. Alzheimers Dis. 33,
S277–S281. doi: 10.3233/JAD-2012-129011

Capri, K. M., Maroni, M. J., Deane, H. V., Concepcion, H. A., DeCourcey, H.,
Logan, R. W., et al. (2019). Male C57BL6/N and C57BL6/J mice respond
differently to constant light and running-wheel access. Front. Behav. Neurosci
13:268. doi: 10.3389/fnbeh.2019.00268

Cherasse, Y., Saito, H., Nagata, N., Aritake, K., Lazarus, M., and Urade, Y. (2015).
Zinc-containing yeast extract promotes nonrapid eye movement sleep in mice.
Mol. Nutr. Food Res. 59, 2087–2093. doi: 10.1002/mnfr.201500082

Cherasse, Y., and Urade, Y. (2017). Dietary zinc acts as a sleep modulator. Int. J.
Mol. Sci. 18:2334. doi: 10.3390/ijms18112334

Chrosniak, L. D., Smith, L. N., McDonald, C. G., Jones, B. F., and Flinn, J. M.
(2006). Effects of enhanced zinc and copper in drinking water on spatial
memory and fear conditioning. J. Geochem. Exploration 88, 91–94. doi: 10.1016/
j.gexplo.2005.08.019

Connolly, M. S., and Lynch, C. B. (1981). Circadian variation of strain differences
in body temperature and activity in mice. Physiol. Behav. 27, 1045–1049. doi:
10.1016/0031-9384(81)90368-1

Coogan, A. N., Schutová, B., Husung, S., Furczyk, K., Baune, B. T., Kropp, P., et al.
(2013). The circadian system in Alzheimer’s disease: disturbances, mechanisms,
and opportunities. Biol. Psychiatry 74, 333–339. doi: 10.1016/j.biopsych.2012.
11.021

Craven, K. M., Kochen, W. R., Hernandez, C. M., and Flinn, J. M. (2018). Zinc
exacerbates tau pathology in a tau mouse model. J. Alzheimers Dis. 64, 617–630.
doi: 10.3233/JAD-180151

Cummings, J., Lee, G., Ritter, A., and Zhong, K. (2018). Alzheimer’s disease drug
development pipeline: 2018. Alzheimers Dement. 4, 195–214. doi: 10.1016/j.trci.
2018.03.009

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

Duncan, M. J., and Zee, P. (2013). Watching the clock and hitting the snooze
button: introduction to the special issue on circadian rhythms and sleep in
neurological disorders. Exp. Neurol. 243, 1–3. doi: 10.1016/j.expneurol.2013.02.
003

Ebihara, S., Tsuji, K., and Kondo, K. (1978). Strain differences of the mouse’s free-
running circadian rhythm in continuous darkness. Physiol. Behav. 20, 795–799.
doi: 10.1016/0031-9384(78)90308-6

Flinn, J. M., Bozzelli, P. L., Adlard, P. A., and Railey, A. M. (2014). Spatial memory
deficits in a mouse model of late-onset Alzheimer’s disease are caused by zinc
supplementation and correlate with amyloid-beta levels. Front. Aging Neurosci.
6:174.

Flinn, J. M., Hunter, D., Linkous, D. H., Lanzirotti, A., Smith, L., Brightwell, J. J.,
et al. (2005). Enhanced zinc consumption causes memory deficits and increased
brain levels of zinc. Physiol. Behav. 83, 793–803. doi: 10.1016/j.physbeh.2004.10.
009

Graybeal, J. J., Bozzelli, P. L., Graybeal, L. L., Groeber, C. M., McKnight, P. E., Cox,
D. N., et al. (2015). Human ApoE ε4 alters circadian rhythm activity, IL-1β,
and GFAP in CRND8 mice. J. Alzheimers Dis. 43, 823–834. doi: 10.3233/JAD-
132009

Harmar, A. J., Marston, H. M., Shen, S., Spratt, C., West, K. M., Sheward, W. J., et al.
(2002). The VPAC2 receptor is essential for circadian function in the mouse
suprachiasmatic nuclei. Cell 109, 497–508. doi: 10.1016/s0092-8674(02)00736-
5

Hasan, S., Dauvilliers, Y., Mongrain, V., Franken, P., and Tafti, M. (2012). Age-
related changes in sleep in inbred mice are genotype dependent. Neurobiol.
Aging 33, 195.e13–195.e26. doi: 10.1016/j.neurobiolaging.2010.05.010

Holth, J. K., Patel, T. K., and Holtzman, D. M. (2017). Sleep in Alzheimer’s disease–
beyond amyloid. Neurobiol. Sleep Circadian Rhythms 2, 4–14. doi: 10.1016/j.
nbscr.2016.08.002

Huang, Y., Wu, Z., Cao, Y., Lang, M., Lu, B., and Zhou, B. (2014). Zinc binding
directly regulates tau toxicity independent of tau Hyperphosphorylation. Cell.
Rep. 8, 831–842. doi: 10.1016/j.celrep.2014.06.047

Kametani, F., and Hasegawa, M. (2018). Reconsideration of amyloid hypothesis
and tau hypothesis in Alzheimer’s disease. Front. Neurosci. 12:25. doi: 10.3389/
fnins.2018.00025

Frontiers in Neuroscience | www.frontiersin.org 10 August 2020 | Volume 14 | Article 854

https://doi.org/10.3233/JAD-170662
https://doi.org/10.3233/JAD-170662
https://doi.org/10.1177/2165079917734880
https://doi.org/10.1039/c4cs00138a
https://doi.org/10.1159/000106930
https://doi.org/10.1016/j.physbeh.2017.09.021
https://doi.org/10.1016/j.physbeh.2017.09.021
https://doi.org/10.1016/j.bbamcr.2008.11.011
https://doi.org/10.1007/bf00308809
https://doi.org/10.3233/JAD-2008-15208
https://doi.org/10.3233/JAD-2008-15208
https://doi.org/10.3233/JAD-2012-129011
https://doi.org/10.3389/fnbeh.2019.00268
https://doi.org/10.1002/mnfr.201500082
https://doi.org/10.3390/ijms18112334
https://doi.org/10.1016/j.gexplo.2005.08.019
https://doi.org/10.1016/j.gexplo.2005.08.019
https://doi.org/10.1016/0031-9384(81)90368-1
https://doi.org/10.1016/0031-9384(81)90368-1
https://doi.org/10.1016/j.biopsych.2012.11.021
https://doi.org/10.1016/j.biopsych.2012.11.021
https://doi.org/10.3233/JAD-180151
https://doi.org/10.1016/j.trci.2018.03.009
https://doi.org/10.1016/j.trci.2018.03.009
https://doi.org/10.1016/j.expneurol.2012.05.011
https://doi.org/10.1016/j.expneurol.2013.02.003
https://doi.org/10.1016/j.expneurol.2013.02.003
https://doi.org/10.1016/0031-9384(78)90308-6
https://doi.org/10.1016/j.physbeh.2004.10.009
https://doi.org/10.1016/j.physbeh.2004.10.009
https://doi.org/10.3233/JAD-132009
https://doi.org/10.3233/JAD-132009
https://doi.org/10.1016/s0092-8674(02)00736-5
https://doi.org/10.1016/s0092-8674(02)00736-5
https://doi.org/10.1016/j.neurobiolaging.2010.05.010
https://doi.org/10.1016/j.nbscr.2016.08.002
https://doi.org/10.1016/j.nbscr.2016.08.002
https://doi.org/10.1016/j.celrep.2014.06.047
https://doi.org/10.3389/fnins.2018.00025
https://doi.org/10.3389/fnins.2018.00025
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00854 August 12, 2020 Time: 19:54 # 11

Lippi et al. Zinc Negatively Impacts CR

Leng, Y., Musiek, E. S., Hu, K., Cappuccio, F. P., and Yaffe, K. (2019). Association
between circadian rhythms and neurodegenerative diseases. Lancet Neurol. 18,
307–318. doi: 10.1016/S1474-4422(18)30461-7

Li, R., and Singh, M. (2014). Sex differences in cognitive impairment and
Alzheimer’s disease. Front. Neuroendocrinol. 35:385–403. doi: 10.1016/j.yfrne.
2014.01.002

Linkous, D. H., Adlard, P. A., Wanschura, P. B., Conko, K. M., and Flinn, J. M.
(2009). The effects of enhanced zinc on spatial memory and plaque formation
in transgenic mice. J. Alzheimers Dis. 18, 565–579. doi: 10.3233/JAD-2009-
1162

Lippi, S. L. P., Craven, K. M., Hernadnez, C. M., Grant, G. M., and Flinn, J. M.
(2019). Perfusion alters free zinc levels in the rodent brain. J. Neurosci. Methods
315, 14–16. doi: 10.1016/j.jneumeth.2018.12.018

Lippi, S. L. P., Smith, M. L., and Flinn, J. M. (2018). A novel hAPP/htau
mouse model of Alzheimer’s disease: inclusion of APP with tau exacerbates
behavioral deficits and zinc administration heightens tangle pathology. Front.
Aging Neurosci. 10:382. doi: 10.3389/fnagi.2018.00382

Logan, S., Owen, D., Chen, S., Chen, W.-J., Ungvari, Z., Farley, J., et al.
(2018). Simultaneous assessment of cognitive function, circadian rhythm, and
spontaneous activity in aging mice. GeroScience 40, 123–137. doi: 10.1007/
s11357-018-0019-x

Lovell, M. A., Robertson, J. D., Teesdale, W. J., Campbell, J. L., and Markesbery,
W. R. (1998). Copper, iron and zinc in Alzheimer’s disease senile plaques.
J. Neurol. Sci. 158, 47–52. doi: 10.1016/S0022-510X(98)00092-6

Maret, W. (2015). Analyzing free zinc(II) ion concentrations in cell biology
with fluorescent chelating molecules. Metallomics 7, 202–211. doi: 10.1039/
c4mt00230j

Maret, W., and Sandstead, H. H. (2006). Zinc requirements and the risks and
benefits of zinc supplementation. J. Trace Elem. Med. Biol. 20, 3–18. doi: 10.
1016/j.jtemb.2006.01.006

Mielke, M. M., Vemuri, P., and Rocca, W. A. (2014). Clinical epidemiology of
Alzheimer’s disease: assessing sex and gender differences. Clin. Epidemiol. 6,
37–48. doi: 10.2147/CLEP.S37929

Miller, Y., Ma, B., and Nussinov, R. (2010). Zinc ions promote Alzheimer Abeta
aggregation via population shift of polymorphic states. Proc. Natl. Acad. Sci.
U.S.A. 107, 9490–9495. doi: 10.1073/pnas.0913114107

Mo, Z. Y., Zhu, Y. Z., Zhu, H. L., Fan, J. B., Chen, J., and Liang, Y. (2009). Low
micromolar zinc accelerates the fibrillization of human tau via bridging of
Cys-291 and Cys-322. J. Biol. Chem. 284, 34648–34657. doi: 10.1074/jbc.M109.
058883

Moshirpour, M., Nakashima, A. S., Sehn, N., Smith, V. M., Thackray, S. E., Dyck,
R. H., et al. (2020). Examination of zinc in the circadian system. Neuroscience
432, 15–29. doi: 10.1016/j.neuroscience.2020.02.016

Musiek, E. S., Xiong, D. D., and Holtzman, D. M. (2015). Sleep, circadian rhythms,
and the pathogenesis of Alzheimer disease. Exp. Mol. Med. 47:e148. doi: 10.
1038/emm.2014.121

Neely, C. L. C., Lippi, S. L. P., Lanzirotti, A., and Flinn, J. M. (2019). Localization
of free and bound metal species through X-ray synchrotron fluorescence
microscopy in the rodent brain and their relation to behavior. Brain Sci. 9:74.
doi: 10.3390/brainsci9040074

Pugh, P. L., Ahmed, S. F., Smith, M. I., Upton, N., and Hunter, A. J. (2004). A
behavioural characterisation of the FVB/N mouse strain. Behav. Brain Res. 155,
283–289. doi: 10.1016/j.bbr.2004.04.021

Railey, A. M., Groeber, C. M., and Flinn, J. M. (2011). The effect of metals on spatial
memory in a transgenic mouse model of Alzheimer’s disease. J. Alzheimers Dis.
24, 375–381. doi: 10.3233/JAD-2011-101452

Railey, A. M., Micheli, T. L., Wanschura, P. B., and Flinn, J. M. (2010). Alterations
in fear response and spatial memory in pre- and post-natal zinc supplemented

rats: remediation by copper. Physiol. Behav. 100, 95–100. doi: 10.1016/j.
physbeh.2010.01.040

Saito, H., Cherasse, Y., Suzuki, R., Mitarai, M., Ueda, F., and Urade, Y.
(2016). Zinc-rich oysters as well as zinc yeast- and astaxanthin-enriched food
improved sleep efficiency and sleep onset in a randomized controlled trial of
healthy individuals. Mol. Nutr. Food Res. 61:1600882. doi: 10.1002/mnfr.20160
0882

Sethi, M., Joshi, S. S., Webb, R. L., Bekett, T. L., Donohue, K. D., Murphy,
M. P., et al. (2015). Increased fragmentation of sleep-wake cycles in the 5XFAD
mouse model of Alzheimer’s disease. Neuroscience 290, 80–89. doi: 10.1016/j.
neuroscience.2015.01.035

Sterniczuk, R., Dyck, R. H., LaFerla, F. M., and Antle, M. C. (2010).
Characterization of the 3xTg-AD mouse model of Alzheimer’s disease: part 1.
Circadian changes. Brain Res. 1348, 139–148. doi: 10.1016/j.brainres.2010.05.
013

Suh, S. W., Jensen, K. B., Jensen, M. S., Silva, D. S., Kesslak, P. J., Danscher, G.,
et al. (2000). Histochemically-reactive zinc in amyloid plaques, angiopathy, and
degenerating neurons of Alzheimer’s diseased brains. Brain Res. 852, 274–278.
doi: 10.1016/s0006-8993(99)02096-x

Tranah, G. J., Blackwell, T., Stone, K. L., Ancoli-Israel, S., Paudel, M., Ensrud,
K. E., et al. (2011). Circadian activity rhythms and risk of incident dementia
and mild cognitive impairment in older women. Ann. Neurol. 70, 722–732.
doi: 10.1002/ana.22468

Valentinuzzi, V. S., Scarbrough, K., Takahashi, J. S., and Turek, F. W. (1997).
Effects of aging on the circadian rhythm of wheel-running activity in C57BL/6J
mice. Am. J. Physiol. 273, R1957–R1964. doi: 10.1152/ajpregu.1997.273.6.
R1957

Viña, J., and Lloret, A. (2010). Why women have more Alzheimer’s disease than
men: gender and mitochondrial toxicity of Amyloid-β peptide. J. Alzheimers
Dis. 20, S527–S533. doi: 10.3233/JAD-2010-100501

Wang, X., Wang, L., Yu, Q., Xu, Y., Zhang, L., Zhao, X., et al. (2016). Alterations
in the expressions of Per1 and Per2 induced by Aβ31-35 in the suprachiasmatic
nucleus, hippocampus, and heart of C57BL/6 mouse. Brain Res. 1642, 51–58.
doi: 10.1016/j.brainres.2016.03.026

Wisor, J. P., Edgar, D. M., Yesavage, J., Ryan, H. S., McComrick, C. M., Lapustea,
N., et al. (2005). Sleep and circadian abnormalities in a transgenic mouse model
of Alzheimer’s disease: a role for cholinergic transmission. Neuroscience 131,
375–385. doi: 10.1016/j.neuroscience.2004.11.018

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

Xiong, Y., Jing, X. P., Zhou, X. W., Wang, X. L., Yang, Y., Sun, X. Y.,
et al. (2013). Zinc induces protein phosphatase 2A inactivation and
tau Hyperphosphorylation through Src dependent PP2A (tyrosine 307)
phosphorylation. Neurobiol. Aging 34, 745–756. doi: 10.1016/j.neurobiolaging.
2012.07.003

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.

Copyright © 2020 Lippi, Kakalec, Smith and Flinn. 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 Neuroscience | www.frontiersin.org 11 August 2020 | Volume 14 | Article 854

https://doi.org/10.1016/S1474-4422(18)30461-7
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.3233/JAD-2009-1162
https://doi.org/10.3233/JAD-2009-1162
https://doi.org/10.1016/j.jneumeth.2018.12.018
https://doi.org/10.3389/fnagi.2018.00382
https://doi.org/10.1007/s11357-018-0019-x
https://doi.org/10.1007/s11357-018-0019-x
https://doi.org/10.1016/S0022-510X(98)00092-6
https://doi.org/10.1039/c4mt00230j
https://doi.org/10.1039/c4mt00230j
https://doi.org/10.1016/j.jtemb.2006.01.006
https://doi.org/10.1016/j.jtemb.2006.01.006
https://doi.org/10.2147/CLEP.S37929
https://doi.org/10.1073/pnas.0913114107
https://doi.org/10.1074/jbc.M109.058883
https://doi.org/10.1074/jbc.M109.058883
https://doi.org/10.1016/j.neuroscience.2020.02.016
https://doi.org/10.1038/emm.2014.121
https://doi.org/10.1038/emm.2014.121
https://doi.org/10.3390/brainsci9040074
https://doi.org/10.1016/j.bbr.2004.04.021
https://doi.org/10.3233/JAD-2011-101452
https://doi.org/10.1016/j.physbeh.2010.01.040
https://doi.org/10.1016/j.physbeh.2010.01.040
https://doi.org/10.1002/mnfr.201600882
https://doi.org/10.1002/mnfr.201600882
https://doi.org/10.1016/j.neuroscience.2015.01.035
https://doi.org/10.1016/j.neuroscience.2015.01.035
https://doi.org/10.1016/j.brainres.2010.05.013
https://doi.org/10.1016/j.brainres.2010.05.013
https://doi.org/10.1016/s0006-8993(99)02096-x
https://doi.org/10.1002/ana.22468
https://doi.org/10.1152/ajpregu.1997.273.6.R1957
https://doi.org/10.1152/ajpregu.1997.273.6.R1957
https://doi.org/10.3233/JAD-2010-100501
https://doi.org/10.1016/j.brainres.2016.03.026
https://doi.org/10.1016/j.neuroscience.2004.11.018
https://doi.org/10.1016/j.neulet.2018.04.008
https://doi.org/10.1016/j.neulet.2018.04.008
https://doi.org/10.1016/j.neurobiolaging.2012.07.003
https://doi.org/10.1016/j.neurobiolaging.2012.07.003
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/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Wheel-Running Behavior Is Negatively Impacted by Zinc Administration in a Novel Dual Transgenic Mouse Model of AD
	Introduction
	Materials and Methods
	Animals
	Zinc Water
	Wheel Running (Daily Activity Rhythm Measurement)
	Statistical Analysis

	Results
	Effect of Genotype
	Effect of Drinking Water
	Effect of Sex
	Genotype, Water, and Sex Together

	Discussion
	Alzheimer's Disease Pathology and Circadian Activity in Mice
	The Role of Zinc in Daily Rhythm Activity
	The Role of Zinc in Sleep
	The Effect of Zinc on Alzheimer's Disease as a Function of Age
	Measuring Zinc in the Brain
	Sex Differences
	Interaction Between Sex, Zinc, and Genotype
	Background Strains and Their Impacts on Circadian Activity

	Implications
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


