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SUMMARY
Alzheimer’s disease (AD) is characterised, not only by cognitive deficits and neuropathological changes, but also by several non-cognitive behavioural
symptoms that can lead to a poorer quality of life. Circadian disturbances in core body temperature and physical activity are reported in AD patients,
although the cause and consequences of these changes are unknown. We therefore characterised circadian patterns of body temperature and
activity in male triple transgenic AD mice (3xTgAD) and non-transgenic (Non-Tg) control mice by remote radiotelemetry. At 4 months of age, daily
temperature rhythms were phase advanced and by 6 months of age an increase in mean core body temperature and amplitude of temperature
rhythms were observed in 3xTgAD mice. No differences in daily activity rhythms were seen in 4- to 9-month-old 3xTgAD mice, but by 10 months
of age an increase in mean daily activity and the amplitude of activity profiles for 3xTgAD mice were detected. At all ages (4-10 months), 3xTgAD
mice exhibited greater food intake compared with Non-Tg mice. The changes in temperature did not appear to be solely due to increased food
intake and were not cyclooxygenase dependent because the temperature rise was not abolished by chronic ibuprofen treatment. No -amyloid
(A) plaques or neurofibrillary tangles were noted in the hypothalamus of 3xTgAD mice, a key area involved in temperature regulation, although
these pathological features were observed in the hippocampus and amygdala of 3xTgAD mice from 10 months of age. These data demonstrate
age-dependent changes in core body temperature and activity in 3xTgAD mice that are present before significant AD-related neuropathology and
are analogous to those observed in AD patients. The 3xTgAD mouse might therefore be an appropriate model for studying the underlying mechanisms
involved in non-cognitive behavioural changes in AD.

INTRODUCTION
Alzheimer’s disease (AD) is a chronic progressive
neurodegenerative disorder that is characterised by the
accumulation of extracellular -amyloid (A) plaques,
neurofibrillary tangles composed of hyperphosphorylated tau,
neuronal loss and neuroinflammation (Frank-Cannon et al., 2009;
Ballard et al., 2011). AD patients present with complex cognitive
impairment, memory loss being one of the earliest clinical
symptoms. Patients with AD also suffer from non-cognitive
behavioural symptoms, such as depression, anxiety, agitation,
weight loss, hyperactivity and disturbed circadian rhythms and
sleep (Assal and Cummings, 2002; Gillette-Guyonnet et al., 2007;
Bombois et al., 2010; Klaffke and Staedt, 2006; Stoppe et al., 1999;
Finkel, 2003). These non-cognitive behavioural symptoms might
not simply be a consequence of AD neuropathology, but instead
could be a predictor of the disease. Furthermore, non-cognitive
behavioural changes in AD can lead to a poorer quality of life and,
in cases such as severe weight loss, can be life-threatening (White
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et al., 1998; White et al., 2004). In spite of their serious
consequences, most non-cognitive changes in AD remain poorly
understood. Understanding when and how these non-cognitive
symptoms of AD occur could lead to a better quality of life for AD
patients.
Frequently reported non-cognitive changes in AD patients
include disruptions in the circadian rhythms of locomotor activity
and core body temperature, usually characterised by an increase
in nocturnal activity and a raised body temperature (Touitou et
al., 1986; Okawa et al., 1991; Okawa et al., 1995; Satlin et al., 1995;
Mishima et al., 1997; Volicer et al., 2001; Harper et al., 2001;
Harper et al., 2004; Harper et al., 2005; Klegeris et al., 2007). To
better understand the aetiology and progression of AD, several
mouse models have been developed that harbour mutations linked
to human AD, including amyloid precursor protein (APP) and
presenilin 1 (PS1) and PS2. These mice develop some of the
pathological and cognitive features observed in human AD (Hall
and Roberson, 2011; Braidy et al., 2011). Several transgenic AD
mouse models also exhibit increases in spontaneous and natural
locomotor activity, comparable to AD patients (Huitrón-Reséndiz
et al., 2002; Bedrosian et al., 2011; Richter et al., 2008; Ambrée
et al., 2006; Vloeberghs et al., 2004; Sterniczuk et al., 2010; Van
Dam et al., 2003). Furthermore, mice expressing human mutant
APP have an altered core body temperature at an age when
significant A plaque deposition is present (Huitrón-Reséndiz et
al., 2002). However, the evidence for longitudinal core body
temperature changes in AD mouse models prior to significant
pathology is limited. Furthermore, most of these studies
dmm.biologists.org
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TRANSLATIONAL IMPACT
Clinical issue
Alzheimer’s disease (AD) is usually thought as of a disease that affects memory
and cognition. However, AD patients also suffer from many non-cognitive
symptoms that can severely impact their quality of life. Such changes include
alterations in the circadian rhythms of core body temperature and physical
activity. Understanding when and how these changes occur, and identifying
their relationship to disease pathology, will increase the chance of developing
potential therapies.
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Results
The authors addressed this issue by characterising circadian patterns of body
temperature and activity in an animal model of AD, the triple transgenic AD
mouse (3xTgAD). The first apparent change was an advance in the daily
temperature rhythms in 4-month-old 3xTgAD mice; by 6 months of age, mean
body temperature and the amplitude of temperature rhythms were increased.
No changes in activity were noted until 10 months of age, when mean activity
and amplitude of activity rhythms were found to be higher in 3xTgAD mice
than in controls. All of these changes occurred before significant AD-related
pathology because amyloid- (A) plaques and neurofibrillary tangles were
detected after 10 months of age. Increased temperature in old 3xTgAD mice
did not appear to be caused solely by increased food consumption or
mediated by cyclooxygenase-driven prostaglandin production.

Implications and future directions
In summary, this study demonstrates age-dependent changes in body
temperature and activity that occur before overt neuropathology in 3xTgAD
mice. The changes observed resemble those reported in AD patients,
suggesting that these mice are an appropriate model for studying the
mechanisms underlying non-cognitive symptoms associated with AD.

measuring activity and temperature have been performed in mice
that present with A plaques only, such as the Tg2576 mouse.
Triple transgenic (3xTgAD) mice have mutations in APP, PS1 and
tau and, as a consequence, progressively develop both A plaques
and neurofibrillary tangles with a temporal and regional-specific
profile characteristic of human AD (Oddo et al., 2003).
Disruptions in locomotor activity have been reported in 3xTgAD
mice but core body temperature is yet to be studied (Sterniczuk
et al., 2010).
Mechanisms underlying the changes in core body temperature
in AD patients are unknown. The anterior hypothalamus is the key
site within the brain that regulates body temperature, and both
pathological and neurochemical changes in the human
hypothalamus has been observed in post-mortem tissue from
patients with AD (Ishii, 1966; Saper and German, 1987; Goudsmit
et al., 1990; Standaert et al., 1991; Swaab et al., 1992; Zhou et al.,
1995; Stopa et al., 1999; Liu et al., 2000). It is not yet known whether
the pathological findings within the hypothalamus are responsible
for the disruptions in thermoregulation in human AD and when
they develop. Furthermore, it is not clear whether AD pathology,
such as A plaques and neurofibrillary tangles, is present in the
hypothalamus of transgenic mouse models of AD.
Neuroinflammation is a feature of AD that is observed in both
AD patients and transgenic mouse models of AD (Heneka et al.,
2010; Johnston et al., 2011) and is characterised by cytokine
production and microglia and astroctye activation. Several
cytokines can act as endogenous pyrogens to mediate the febrile
response to peripheral infection and inflammation by acting within
the anterior hypothalamus to induce expression of prostaglandins
Disease Models & Mechanisms
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(PG), such as PGE2, via the action of cyclooxygenase-2 (COX-2).
The expression of pyrogenic cytokines, COX-2 and PG in the brain,
and PGE2 in the cerebral spinal fluid, are elevated in AD, especially
in the early stages of the disease (Montine et al., 1999; Zagol-Ikapitte
et al., 2005; Kitamura et al., 1999). Non-steroidal anti-inflammatory
drugs (NSAIDs), such as ibuprofen, reduce inflammatory responses
and are anti-pyretic through COX inhibition. It is possible therefore
that the raised core body temperature in AD patients is due to a
cytokine-driven increase in COX and PG production that elevates
the set point for body temperature.
To define the contribution of non-cognitive parameters such as
body temperature in AD, we performed a longitudinal analysis of
core body temperature in 3xTgAD mice. Activity was also
simultaneously assessed in order to correlate changes in activity
with core body temperature. To examine underlying mechanisms
responsible for changes in temperature, we firstly examined the
hypothalamus for gross AD-related pathology. Because we have
previously shown that 3xTgAD mice consume more food than
control mice (Knight et al., 2012), we also tested whether
hyperphagia could affect body temperature and activity by giving
3xTgAD mice restricted access to food. Finally, to determine the
role of neuroinflammation on body temperature and activity, the
effect of COX inhibition in 3xTgAD mice was determined.
RESULTS
Core body temperature, activity and food intake in 4- and
6-month-old mice
At 4 and 6 months of age, 3xTgAD mice weighed significantly more
than Non-Tg controls (P<0.001) and food intake during the light
and dark phase was significantly increased (P<0.05 and P<0.01;
Table 1). Both Non-Tg and 3xTgAD mice exhibited strong circadian
rhythms in core body temperature at 4 and 6 months of age, with
temperature being highest during the dark phase (Fig. 1A,D). At 4
months of age there was no significant difference between NonTg and 3xTgAD mice in either mean core body temperature (Table
1) nor the peak-trough amplitude of the daily temperature rhythm
(Fig. 1B). However, a difference in timing of the daily rise in
temperature was observed in 3xTgAD mice, such that the midpoint
of this rising phase occurred ~1 hour earlier compared with NonTg controls (P<0.001; Fig. 1C). At 6 months of age, this difference
in the timing of daily temperature rhythms in 3xTgAD mice
appeared slightly enlarged (P<0.01; Fig. 1F) and a significant
increase in mean core body temperature (P<0.05; Table 1) and peaktrough amplitude of temperature rhythms (P<0.01; Fig. 1E) was now
apparent in 3xTgAD mice. There were no significant differences
in average activity levels (Table 1), nor in the timing or amplitude
of daily activity rhythms between Non-Tg and 3xTgAD mice of
either age group (Fig. 1G-L).
Core body temperature, activity and food intake in 8- to
10-month-old mice
Core body temperature, activity, food intake and body weight were
monitored longitudinally in a group of Non-Tg and 3xTgAD mice
of between 8 and 10 months of age. Body weight and daily average
food intake were significantly higher in 3xTgAD mice than in NonTg mice at 8, 9 and 10 months of age (Food intake: genotype F1,44:
56.72, P<0.001; interaction F2,44: 11.01, P<0.001. Bonferroni posttests, P<0.001 at 8 and 9 months of age, P<0.01 at 10 months of
161
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Table 1. Body weight, food intake and mean daily body temperature and activity in 4- and 6-month-old 3xTgAD mice
4-months old
Parameter
Body weight (g)

Non-Tg
29.0±0.7

6-months old
3xTgAD
33.3±0.4***

Non-Tg
32.4±0.4

3xTgAD
38.0±0.3***

Food intake (g): light phase

0.8±0.2

1.2±0.3*

0.7±0.2

Food intake (g): dark phase

3.0±0.2

3.6±0.3**

3.1±0.4

1.1±0.2**
3.9±0.5*

Temperature (°C)

36.8±0.6

37.2±0.7

36.6±0.3

37.2±0.6*

Activity (counts/min)

3.2±0.7

3.2±0.7

3.3±1.0

3.2±0.8
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Body weight in Non-Tg and 3xTgAD mice was taken at the beginning of the 7-day monitoring period. Food intake was measured at lights on and lights off for 1 week and is
expressed as average 12-hour light and 12-hour dark phase amounts. Core body temperature and activity were also monitored in these mice and are expressed as mean daily
average. Additional data on body temperature and activity are presented in Fig. 1. Data are mean ± s.d. for n=4-6 per group. *P<0.05, **P<0.01, ***P<0.001 versus Non-Tg control
using Student’s t-test.

age. Body weight: genotype F1,44: 14.08, P<0.01; age F2,44: 76.63,
P<0.001. Bonferroni post-tests, P<0.001 at 8 and 9 months of age,
P<0.05 at 10 months of age; Table 2). Mean core body temperatures
were also higher in 3xTgAD mice than in Non-Tg mice over this
age range (genotype F1,44: 37.74, P<0.001; interaction F2,44: 6.19;
P<0.001; age F2,44: 15.15, P<0.001. Bonferroni post-tests, P<0.001
at 8 and 9 months of age, P<0.01 at 10 months of age; Table 2). In
addition, a progressive increase in the peak-trough amplitude of
daily temperature rhythms in 3xTgAD mice compared with agematched controls was observed (Age F2,44: 15.11, P<0.001; genotype
F1,44: 64.18, P<0.001; interaction F2,44: 3.569, P<0.05; Bonferroni
post-tests, P<0.001 at 8, 9 and 10 months of age; Fig. 2A-D). As in
4- and 6-month-old 3xTgAD mice, daily temperature rhythms in
these older animals were also consistently phase advanced relative
to Non-Tg control mice (genotype F1,38: 18.79, P<0.001; Bonferroni
post-tests, P<0.001 at 8 and 10 months and P<0.01 at 9 months;
Fig. 2A-C,E). Although the magnitude of this effect on phase
advancement appeared larger than was observed in the 4- and 6month-old animals (~2 hours earlier than age-matched controls),
across the range studied there was no evidence of a progressive
change in phasing (P>0.05 for age and genotype versus age).
By contrast with the effects observed on temperature rhythms,
no significant effects of age or genotype on the timing of daily
activity rhythms were detected in 8- to 10-month-old mice (Fig.
2F-H,J). However, a progressive increase in the amplitude of mean
daily activity profiles for 3xTgAD mice compared with Non-Tg mice
was observed (age F2,44: 4.79, P<0.05; genotype F1,44: 8.5, P<0.01;
interaction F2,44: 9.02, P<0.001; Bonferroni post-tests P<0.001 at 10
months; Fig. 2F-H,I) and by 10 months of age an increase in mean
activity levels was detected in 3xTgAD mice.
To test whether the increases in core body temperature and
activity might be due to greater food intake, 3xTgAD mice were
food restricted to the average ad-libitum amount eaten by Non-Tg
control mice at 10 months of age (pair-feeding paradigm). Whereas
pair feeding appeared to normalise mean daily body temperature
in the 3xTgAD mice (Non-Tg, 36.4±0.07°C; 3xTgAD, 36.4±0.15°C;
P>0.05), the increased amplitude and advanced timing of the phase
for temperature was still present in 3xTgAD mice that were pairfed to Non-Tg controls (Fig. 3A-C). The increased mean and
amplitude of daily locomotor activity in these 3xTgAD mice was
also maintained under pair-fed conditions (mean activity: Non-Tg,
2.8±0.7 counts/minute; 3xTgAD 4.4±1.9 counts/minute; P<0.05; Fig.
3D,E).
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Effect of ibuprofen on core body temperature in 3xTgAD mice
At 10.5 months of age, Non-Tg and 3xTgAD mice were maintained
for 12 weeks on either a control diet or a diet containing ibuprofen
(375 ppm). Core body temperature was assessed at 1, 4, 8 and 12
weeks of treatment. One Non-Tg and 3xTgAD mouse treated with
ibuprofen had to be sacrificed during the 12 weeks of treatment.
At all time points, average core body temperature (Table 3) and
amplitude of temperature rhythms (Fig. 4A) were significantly
increased in control-fed 3xTgAD versus Non-Tg mice. Ibuprofen
had no effect on the mean temperature and amplitude in 3xTgAD
mice and both measurements were significantly increased in
ibuprofen-fed 3xTgAD mice compared with ibuprofen-fed NonTg mice at 1, 4, 8 and 12 weeks. As previously, daily temperature
rhythms were advanced in control-fed 3xTgAD compared with
Non-Tg mice; however, ibuprofen did not significantly affect this
phase advancement as no difference was observed between 3xTgAD
mice fed either a control or ibuprofen diet (Fig. 4B).
In order to test the efficacy of ibuprofen, C57BL/6 mice were
given access to either an ibuprofen-containing (375 ppm) or
control diet for 2 days prior to i.p. injection of LPS. In mice fed
a control diet, LPS significantly increased core body temperature
over 8 hours compared with vehicle-treated mice on a control
diet (AUC for 0-8 hours: control diet/vehicle, 12±3.4°C⫻hour;
control diet/LPS, 21.4±0.8°C⫻hour; P<0.05). Ibuprofen
significantly inhibited the febrile effect of LPS as no difference in
core body temperature was observed between vehicle-treated
mice fed a control diet and LPS-treated ibuprofen-fed mice (AUC
for 0-8 hours: control diet/vehicle, 12±3.4°C⫻hour; ibuprofen
diet/LPS, 14.3±5.6°C⫻hour). Ibuprofen also inhibited the
reduction in food intake observed 24 hours after i.p. LPS (control
diet/vehicle 4.3±0.7 g; control diet/LPS 3.2±0.5 g; ibuprofen
diet/LPS 4.2±0.6 g; P<0.05 for control diet/LPS versus control
diet/vehicle).
Effect of ibuprofen on behaviour in 3xTgAD mice
Ibuprofen has been reported to reduce behavioural deficits in
transgenic models of AD including 3xTgAD mice. In order to
further test the efficacy of ibuprofen we assessed memory in all
groups of mice after 12 weeks on either the control or ibuprofencontaining diet. Using the Y-maze spontaneous alternation task,
3xTgAD mice on a control diet displayed significantly fewer
alternations compared with Non-Tg mice on a control diet (NonTg control, 54.0±16.8%; 3xTgAD control, 33.6±8.7%; P<0.05).
dmm.biologists.org
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Fig. 1. Core body temperature and activity in 4- and 6-month-old 3xTgAD mice. (A-L)Core body temperature (°C) and activity (counts/minute) were
monitored continuously by remote radiotelemetry over a 7-day period in separate groups of individually housed 3xTgAD and Non-Tg mice at 4 (temperature, AC; activity, G-I) and 6 (temperature, D-F; activity J-L) months of age. The mean 24-hour profiles over the 7 days (expressed as change, ) are illustrated in A and D
for temperature and G and J for activity. White bars on the abscissa represent the light, inactive phase of the day; black bars represent the dark, active phase. The
peak-trough amplitude in temperature rhythms was increased in 6-month-old 3xTgAD mice (E) but not in 4-month-old mice (B). A phase advance in the
temperature rhythms was observed in both 4- (C) and 6- (F) month-old 3xTgAD mice. No change in the peak-trough amplitude or phase onset for activity
rhythms was observed at 4 (H,I) and 6 (K,L) months of age. Data are expressed as mean ± s.d. and individual values for each animal are represented; n4-6 per
group. **P<0.01, ***P<0.001 versus age-matched Non-Tg control mice using Student’s t-test.

Ibuprofen had no effect on the number of alternations in NonTg mice (Non-Tg control, 54.0±16.8%; Non-Tg ibuprofen,
55.3±4.7%; P>0.05) but inhibited the deficit in 3xTgAD mice as
no difference in alternations was observed between Non-Tg and
3xTgAD mice fed an ibuprofen diet (Non-Tg ibuprofen, 55.3±4.7%;
3xTgAD ibuprofen, 52.8±12.7%).
Disease Models & Mechanisms

Hypothalamic AD pathology
No extracellular A plaques (or A-positive neurones) or
hyperphosphorylated tau were identified in the hypothalamus
(including the anterior hypothalamus that is involved in the
regulation of body temperature) of 3xTgAD mice at 12 months of
age (Fig. 5A,C). In the same group of 3xTgAD mice, A plaques and
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Table 2. Body weight, food intake and mean daily body temperature and activity in 8- to 10-month-old 3xTgAD mice
8-months old

9-months old

10-months old

Parameter
Body weight (g)

Non-Tg
31.0±3.4

3xTgAD
35.0±1.3***

Non-Tg
31.7±3.0

3xTgAD
35.9±1.5***

Non-Tg
34.8±4.3

3xTgAD
37.8±1.7*

Food intake (g)

3.1±0.2

5.0±0.7***

3.4±0.4

4.4±0.5***

3.5±0.5

4.2±0.4**

36.4±0.08

36.8±0.2***

36.4±0.06

36.8±0.2***

36.4±0.05

36.6±0.1**

3.2±0.7

3.0±1.1

3.3±0.8

4.6±2.0

2.6±0.5

5.1±1.6***

Temperature (°C)
Activity (counts/min)
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Body weight, food intake, body temperature and activity were assessed in the same group of mice at 8, 9 and 10 months of age. Body weight was assessed at the beginning of the
one week monitoring period and food intake expressed as a daily average. Core body temperature and activity were also monitored in these mice and are expressed as mean daily
average. Additional data on body temperature and activity are presented in Fig. 2. Data are mean ± s.d. for n=9-15 per group. *P<0.05, **P<0.01, ***P<0.001 versus Non-Tg control
mice using two-way repeated measures ANOVA.

neurones positive for hyperphosphorylated tau were found in the
hippocampus (Fig. 5B,D) and amygdala (not shown). Intraneuronal
A-positive cells were also present in the cortex, hippocampus (Fig.
5B) and amygdala of 12-month-old 3xTgAD mice. No A plaques
(or A-positive cells) or hyperphosphorylated tau were present in
the brains of Non-Tg control mice for all brain regions examined.
In separate groups of 3xTgAD mice of between 4 and 10 months
of age, no extracellular A plaques (or A-positive cells) or
hyperphosphorylated tau were identified in the hypothalamus.
Although intraneuronal A-positive cells were present in the
cortex, hippocampus and amygdala in brain sections of 4- to 10month-old 3xTgAD mice, no A plaques or hyperphosphorylated
tau were detected at these ages, apart from a few scattered A
plaques and neurones positive for hyperphosphorylated tau in 10month-old mice.
DISCUSSION
The present study demonstrates age-dependent changes in core
body temperature and activity rhythms in male 3xTgAD mice.
These start with an advance in the timing of core body temperature
rhythms that is present by 4 months of age, and progress to include
increases in rhythm amplitude and overall mean body temperature
by 6 months of age. By contrast, activity rhythms in 3xTgAD mice
remain similar to Non-Tg controls until 10 months of age when an
increase in activity becomes apparent. These data are the first to
fully characterise activity and temperature longitudinally, and to
demonstrate changes in core body temperature in the 3xTgAD
mouse. Increased spontaneous locomotor activity has been
observed previously at various ages in other mouse models of AD
including 3xTgAD mice (Huitrón-Reséndiz et al., 2002; Bedrosian
et al., 2011; Richter et al., 2008; Ambrée et al., 2006; Vloeberghs et
al., 2004; Sterniczuk et al., 2010; Van Dam et al., 2003). However,
the present study is the first to follow activity in the same group
of mice over time and has therefore identified that hyperactivity
in 3xTgAD mice occurs later than other non-cognitive changes
(including temperature) in these animals.
Consistent with the results presented here, AD patients often
show hyperactivity and a raised core body temperature (Touitou
et al., 1986; Okawa et al., 1991; Okawa et al., 1995; Satlin et al.,
1995; Mishima et al., 1997; Volicer et al., 2001; Harper et al., 2001;
Harper et al., 2004; Harper et al., 2005; Klegeris et al., 2007), thus,
3xTgAD mice might represent a useful model to study noncognitive behavioural symptoms in AD. Moreover, one of the most
pronounced (and earliest) changes we observe in the 3xTgAD mice
is a change in the timing of body temperature rhythms. Patients
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with AD also often present with an alteration in the phase of daily
temperature and activity rhythms (Satlin et al., 1995; Satlin et al.,
1991; Harper et al., 2001; Volicer et al., 2001; Harper et al., 2004).
Interestingly though, unlike the 3xTgAD rhythms which adopt
earlier phasing, these tend to be phase delayed relative to those of
healthy individuals. We argue that these apparent differences most
likely stem from a common cause, an impaired or altered photoentrainment of the circadian clock. Indeed, because the internal
clocks of mice [including 3xTgAD (Sterniczuk et al., 2010)] run
faster than 24 hours, whereas human clocks tend to run slower
(Duffy and Wright, 2005), a change in sensitivity of the clock to
light would naturally push the phasing of rhythms in these two
species in opposite directions. Such a change in light-mediated
clock resetting could occur, either due to a reduction in photic
input, or in the sensitivity of the circadian system itself. One study
has investigated circadian activity patterns in the 3xTgAD mice and
did not find clear changes in the magnitude of phase shifts evoked
by bright light pulses (Sterniczuk et al., 2010). Whereas those
findings indicate that circadian photo-entrainment is not entirely
absent, they do not rule out changes in the sensitivity of the
circadian clock to light because that study did not employ subsaturating light pulses or investigate a full phase response curve.
Moreover, in support of the notion that photo-entrainment is
impaired in AD, a number of studies have demonstrated beneficial
effects of bright light therapy for non-cognitive behavioral
symptoms in AD patients (Ancoli-Israel et al., 2003; Fetveit and
Bjorvatn, 2004; Van Someren et al., 1997; Riemersma-van der Lek
et al., 2008). We suggest, then, that more detailed investigations of
light-mediated clock resetting in these 3xTgAD mice might provide
important insights relevant to the human disease.
Secondary to these changes in phasing, we also observed changes
in the amplitude of temperature rhythms and mean daily body
temperature. The consequence of a raised core body temperature
in AD is unknown, but in vitro studies suggest that an elevated
temperature might have a negative effect on the disease as higher
temperatures increase the expression of amyloid precursor protein
(APP) and the rate of A oligomerisation and fibril formation
(Kusumoto et al., 1998; Gursky and Aleshkov, 2000; LeVine, 2004;
Ciallella et al., 1994). There are several possible mechanisms
underlying the changes in temperature in AD, including an increase
in locomotor activity (see Weinert and Waterhouse, 2007). Our
findings rule out increased activity as a causal factor for the
increased body temperature in 3xTgAD mice, because changes in
their daily temperature profiles became apparent several months
before locomotor hyperactivity developed.
dmm.biologists.org
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Fig. 2. Core body temperature and activity in 8- to 10-month-old 3xTgAD mice. (A-I)Core body temperature (°C) and activity (counts/minute) were
monitored continuously by remote radiotelemetry over a 7-day period at 8 (temperature, A; activity, F), 9 (temperature, B; activity, G) and 10 (temperature, C;
activity, H) months of age in the same groups of individually housed 3xTgAD and Non-Tg mice. The mean 24-hour profiles over the 7 days (expressed as change,
) are illustrated in A-C for temperature and F-H for activity. Grey lines show Non-Tg mice and black lines 3xTgAD mice. White bars on the abscissa represent the
light, inactive phase of the day whereas black bars represent the dark, active phase. The peak-trough amplitude in temperature rhythms was increased in 8, 9
and 10-month-old 3xTgAD mice (D). A phase advance in temperature rhythms was observed in 3xTgAD mice at all ages (E). An increase in peak-trough amplitude
for activity rhythms in 3xTgAD mice was observed at 10 months of age (I) in the absence of any difference in the phase onset for activity rhythms (J). Data are
expressed as mean ± s.d. and individual values for each animal are represented. Open circles, Non-Tg mice; black closed circles, 3xTgAD mice; n9-15 per group.
**P<0.01, ***P<0.001 versus age-matched Non-Tg control mice using two-way repeated measures ANOVA.
Disease Models & Mechanisms
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Fig. 3. Increased food intake does not contribute to the changes in temperature and activity rhythms in 3xTgAD mice. (A-F)Core body temperature (A)
and activity (D) were monitored continuously by remote radiotelemetry over a 5-day period in individually housed 3xTgAD and Non-Tg mice at 10 months of
age. Non-Tg mice were given ad libitum access to food and 3xTgAD mice were food restricted (pair-fed) daily for 5 days by giving them access to the amount of
food consumed by the Non-Tg mice the previous 24 hours. Food was presented at ZT 12 (lights out). White bars on the abscissa represent the light, inactive
phase of the day; black bars represent the dark, active phase. An increase in the peak-trough amplitude for temperature (B) and activity (E) rhythms and a phase
advance in temperature (C) was observed in 3xTgAD mice that ate the same amount of food as Non-Tg control mice. Data are expressed as mean ± s.d. and
individual values for each animal are represented; n9-15 per group. **P<0.01, ***P<0.001 versus Non-Tg control mice.

The main pathological features of AD are the presence of A
plaques and neurofibrillary tangles, primarily within the cortex and
hippocampus. Although the hippocampus and cortex are not
classically thought to be involved in the regulation of body
temperature, it is possible that pathology in these brain regions
could contribute directly or indirectly to the disruption in body
temperature in 3xTgAD mice. For example, it has been shown that
stimulation of the hippocampus can affect the thermosensitivity
of hypothalamic neurones and body temperature in rats (Hori et
al., 1982b; Hori et al., 1982a; Osaka et al., 1984). However, as
significant A plaques and neurofibrillary tangles are not detected
in the hippocampus in the present cohort of 3xTgAD mice until
10-12 months of age (see Knight et al., 2012) it is unlikely that the
changes in temperature and activity observed in 3xTgAD mice
before this age are dependent on pathology in these brain regions.
However, it is still possible that other pathological changes in the
hippocampus of 3xTgAD mice, such as the presence of soluble A

and synaptic dysfunction, might be responsible for the changes in
temperature rhythms in these mice. The anterior hypothalamus is
the key brain region that regulates body temperature. Pathological
changes, including a limited amount of A plaques and
neurofibrillary tangles, have been observed in the hypothalamus
of AD patients (Ishii, 1966; Saper and German, 1987; Goudsmit et
al., 1990; Standaert et al., 1991; Swaab et al., 1992; Zhou et al., 1995;
Stopa et al., 1999; Liu et al., 2000). However, no overt pathology,
including A plaques and neurofibrillary tangles, was noted in the
hypothalamus of 3xTgAD mice at all ages tested in the present study,
including the period when activity and temperature were altered,
although it is likely that changes might be seen in older mice.
Increases in core body temperature are therefore unlikely to be due
to overt AD-related pathology in the hypothalamus. It is possible
that more subtle changes including synaptic changes, neuronal loss
and soluble A might be present within key nuclei of the
hypothalamus, as a reduction in cells containing the neuropeptides

Table 3. Effect of ibuprofen on mean daily body temperature in 3xTgAD mice
Control

Ibuprofen

Weeks on treatment
1

Non-Tg
36.3±0.08

3xTgAD
36.6±0.14***

Non-Tg
36.3±0.08

3xTgAD
36.6±0.12***

4

36.2±0.07

36.5±0.12***

36.3±0.11

36.5±0.12*

8

36.2±0.06

36.5±0.11***

36.2±0.09

36.4±0.12**

12

36.2±0.08

36.5±0.17**

36.1±0.09

36.4±0.14*

Non-Tg and 3xTgAD mice (10.5-month-old) were fed either a control or ibuprofen-containing diet (375 ppm) for 12 weeks. Core body temperature was monitored continuously
and is expressed as the mean daily temperature over a 7-day period after 1, 4, 8 or 12 weeks of treatment. Daily amplitude and phase of temperature rhythms are presented in Fig.
5. Data are mean ± s.d. for n=3-8 per group. *P<0.05, **P<0.01, ***P<0.001 versus respective Non-Tg mice.
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Fig. 4. Ibuprofen does not affect the changes in core body temperature in 3xTgAD mice. (A,B)Core body temperature was monitored continuously by
remote radiotelemetry in individually housed 3xTgAD and Non-Tg mice at 10.5 months of age. Mice were maintained on either a control diet or a diet containing
ibuprofen (375 ppm) for 12 weeks. The mean daily peak-trough amplitude (°C; A) and phase (in ZT; B) of temperature rhythms over a 7-day period were
calculated after 1, 4, 8 and 12 weeks of treatment. Data are mean ± s.d. for n3-8 per group. *P<0.05, **P<0.01, ***P<0.001 versus respective Non-Tg mice.

vasopressin and VIP are observed in the suprachiasmatic nucleus
of the hypothalamus of 3xTgAD mice (Sterniczuk et al., 2010). The
suprachiasmatic nucleus is the primary circadian clock involved in
the regulation of circadian rhythms and thus is likely to be at least
partially responsible for the changes in activity and temperature in
3xTgAD mice.
Indeed, body temperature is regulated by the circadian clock in
both humans and rodents and is highest during the active phase,
which corresponds with the dark phase for mice when the majority
of food is consumed. The maintenance of a higher body
temperature during the active dark phase in rodents is partially
due to diet-induced thermogenesis, and mice that are fasted or food
restricted are unable to maintain their core body temperature
(Zhang et al., 2012; Rikke and Johnson, 2007). As data presented
here and previously (Knight et al., 2012) demonstrate that 3xTgAD
mice are hyperphagic, increased food consumption might
contribute to the raised core body temperature. However, our data
do not fully support that view. Firstly, we observed increased food
intake in 4-month-old 3xTgAD mice, before significant increases
in mean body temperature or amplitude were detected. Secondly,
the amplitude of body temperature rhythms remained markedly
higher in 3xTgAD mice that were pair-fed to control animals.
Whereas these data argue against hyperphagia as the cause of the
increased amplitude of 3xTgAD temperature rhythms, mean daily
temperature in these animals was normalised to control values upon
pair feeding. Overall, therefore, whereas increased food intake
might contribute to the altered core body temperature in 3xTgAD
mice, understanding the origin of exaggerated daily variations in
body temperature will require further study.
Another pathological feature of AD that could underlie changes
in body temperature is neuroinflammation, including microglia and
astroctye activation, and increases in cytokine production in the
brain (Heneka et al., 2010; Johnston et al., 2011). Cytokines are
Disease Models & Mechanisms

endogenous pyrogens that can increase core body temperature via
COX-mediated release of PGs. As the expression of pyrogenic
cytokines, COX and PGs in the brain are elevated in AD (Montine
et al., 1999; Zagol-Ikapitte et al., 2005; Kitamura et al., 1999), we
tested the hypothesis that PGs mediate the rise in core body
temperature observed in 3xTgAD mice. Our data show that the
changes in temperature in the 3xTgAD mouse are independent of
inflammatory-driven PGs, because inhibition of COX using
ibuprofen in the diet had no effect on the increase in core body
temperature observed in 3xTgAD mice up to 12 weeks of treatment.
By contrast, the same dose of ibuprofen prevented LPS-mediated
increases in core body temperature in C57BL/6 mice, confirming
its efficacy. Furthermore, as reported previously (McKee et al.,
2008), the behavioural deficit (assessed in the Y-maze) in 3xTgAD
mice was significantly reduced after 12 weeks treatment of
ibuprofen.
In summary, these data show that there are age-related changes
in core body temperature and activity rhythms in 3xTgAD mice
that precede significant AD pathology. Alterations in temperature
and activity might therefore be predictive of future AD.
Furthermore, as these physiological/behavioural changes in
3xTgAD mice appear to analagous to those observed in the clinical
situation, the 3xTgAD mouse might be a useful model for studying
the mechanisms underlying non-cognitive behavioural changes and
assessing potential therapies.
METHODS
Animals
Male 3xTgAD and background strain, wild-type non-transgenic
(Non-Tg) (C57BL6/129sv) mice, were originally supplied by Frank
LaFerla and Salvadore Oddo (University of California-Irvine, CA)
and in-house colonies were established. Male mice were housed in
standard housing conditions (temperature 20±2°C, humidity
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mice at 8, 9 and 10 months of age. Food intake was measured weekly
at the beginning of the light phase and the daily average calculated.
After measurements at 10 months of age, 3xTgAD mice were pairfed to Non-Tg mice for 5 days. Briefly, food weight was monitored
daily in Non-Tg mice and the average 24-hour food intake
calculated. Each day for 5 days at lights out (19:00 hours, ZT 12),
3xTgAD mice were given the same amount of food as the Non-Tg
mice had consumed in the previous 24 hours and core body
temperature and activity were recorded.

Fig. 5. A plaques and neurofibrillary tangles are not present in the
hypothalamus of 3xTgAD mice. Immunohistochemistry to detect A
plaques (top row) and neurofibrillary tangles (bottom row;
hyperphosphorylated tau) was performed using 6E10 and AT8 antibodies,
respectively, on brain sections from 12-month-old 3xTgAD mice. No A
plaques or neurofibrillary tangles were detected in the hypothalamus of
3xTgAD mice. A plaques and neurofibrillary tangles were present in the
hippocampus of 12-month-old 3xTgAD mice. 3V, third ventricle of the
hypothalamus. Scale bar: 100m.

55±5%, 12-hour light-dark cycle with lights on at 07:00 hours), and
given ad-libitum access to standard rodent chow and water unless
stated otherwise. The time of lights off was designated as Zeitgeber
time (ZT) 12. All experimental procedures using animals were
conducted in accordance with the United Kingdom Animals
(Scientific Procedures) Act, 1986 and approved by the Home Office
and the local Animal Ethical Review Group, University of
Manchester.
Measurement of core body temperature and activity
For measurements of core body temperature and activity,
radiotransmitters (TA10TA-F20; Data Sciences, Minneapolis, MN)
were implanted abdominally into the peritoneum of mice under
isoflurane anaesthesia. After surgery, mice were allowed to recover
for at least 7 days before they were housed individually for
continuous monitoring of core body temperature and activity by
remote radiotelemetry (Data Quest III system, Data Sciences).
Core body temperature, activity and food intake in 4- and
6-month-old mice
In separate groups of mice, core body temperature and activity were
measured continuously for 1 week at 4 (Non-Tg n4; 3xTgAD n6)
and 6 (Non-Tg n6; 3xTgAD n6) months of age. Food intake was
measured daily at lights on (07:00 hours, ZT 0) and prior to lights
off (19:00 hours, ZT 12) to monitor circadian feeding patterns and
the average 12-hour light phase and 12-hour dark phase values
calculated.
Core body temperature, activity and food intake in 8- to
10-month-old mice
Core body temperature and activity were measured continuously
for 1 week in the same group of Non-Tg (n9) and 3xTgAD (n15)
168

Effect of ibuprofen on core body temperature in 3xTgAD mice
At 10.5 months of age, Non-Tg and 3xTgAD mice (from the
experiment above) were randomly assigned on either a control
laboratory rodent diet (5001 LabDiet; IPS, London, UK) or
ibuprofen-containing diet (375 ppm, modified LabDiet 5001; IPS,
London, UK). Based on the average food consumption and body
weight at 10 months of age, the dose of ibuprofen was calculated
to be 37.5 or 41 mg/kg/day for Non-Tg and 3xTgAD, respectively.
All mice (n4-8/group) were maintained on their respective diet
for 12 weeks. Core body temperature was recorded continuously
during this time and data were analysed at weeks 1, 4, 8 and 12.
Behaviour was then assessed after 13 weeks of treatment (see
below).
In order to test the efficacy of the dose of ibuprofen used,
C57BL/6 mice (n4-5/group) were maintained on either a control
or ibuprofen (375 ppm) diet for 2 days. Mice were then injected
intraperitoneally (i.p.) with either vehicle (5 ml/kg saline) or
lipopolysaccharide (LPS, 100 g/kg; 0127:B8 from Eschericha coli;
Sigma-Aldrich, Dorset, UK) 2 hours after lights on. After injections,
animals were given a pre-weighed amount of their respective diets.
Core body temperature was measured continuously for 8 hours and
food intake recorded at 24 hours.
Effect of ibuprofen on behaviour in 3xTgAD mice
After 13 weeks on either ibuprofen or control diet, the Y-maze
spontaneous alternation task (Hughes, 2004) was performed
between 10:00 and 14:00 hours (ZT 3-7), a time during which no
differences in locomotor activity was noted between Non-Tg and
3xTgAD mice. Mice were habituated to the testing room for at least
30 minutes. Following habituation, mice were placed in the starting
arm and allowed to explore the maze for 8 minutes. During this
period, the arm entries made by each animal were recorded
visually. A mouse was said to have made an entry when all four
paws had entered an arm. Spontaneous alternation was defined as
successive entry into three different arms, on overlapping triplet
sets. The percentage alternation was then calculated as the number
of actual alternations divided by the maximum number of
alternations (the total number of arm entries minus two).
Immunohistochemistry for hypothalamic AD pathology
3xTgAD and Non-Tg mice at 12 months of age (n5-6) were
anaesthetised using isoflurane (1.5-2.5% in O2) and intracardially
perfused with 0.9% saline. The brain was removed and immersion
fixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer
(PB) (Sigma-Aldrich), before cryoprotection in 30% sucrose (Fisher
Scientific) in 0.1 M PB at 4°C for 24 hours. Coronal 30-m brain
sections were then cut throughout the level of the hypothalamus
on a freezing sliding microtome (from 0.50 to −2.46 mm relative
dmm.biologists.org
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to bregma according to the atlas of Paxinos and Franklin (Paxinos
and Franklin, 2001). As a positive control for A and tau, sections
were also taken to include the hippocampus (from −1.06 to −3.64
mm relative to bregma). Immunohistochemistry for either A or
phosphorylated tau was then performed on free-floating sections.
Briefly, endogenous peroxidase was removed by incubation in 1.5%
H2O2 (in 20% methanol, PB, 0.3% Triton X-100) before treatment
in blocking solution (10% normal horse serum in PB, 0.3% Triton
X-100). Sections were then incubated at 4°C overnight with either
a monoclonal mouse anti-human amyloid 6E10 (1:3000; CovanceSignet Laboratories, Cambridge, UK) for A, or monoclonal mouse
anti-human PHF-tau (AT8, 1:1000; Autogen Bioclear, Calne, UK)
for hyperphosphorylated tau. After washes in PB containing 0.3%
Triton X-100, sections were treated for 2 hours in a biotinylated
horse anti-mouse IgG antibody (1:500; Vector Laboratories,
Peterborough, UK). Following washes in 0.1 M PB, sections were
immersed in avidin-biotin-peroxidase complex (ABC; Vector
Laboratories) for 30 minutes, rinsed in 0.1 M PB and colourdeveloped using 0.05% diaminobenzidine solution in 0.01% H2O2.
Sections were mounted onto gelatine-coated slides and dried;
coverslips were applied before viewing under a light microscope.
Immunohistochemistry for A and phosphorylated tau in the
hypothalamus and hippocampus was also performed on brain
sections from a separate set of mice between the ages of 4 and 10
months.
Data analysis
Data are presented as the mean ± s.d., unless otherwise stated. To
estimate the phase and amplitude of diurnal variations in
temperature (°C) and activity (counts per minute; CPM), the raw
data was smoothed (monitored over 5-7 day epochs) using a boxcar
filter (width of 1 hour). Mean daily profiles for each animal (as a
function of ZT) were calculated. The amplitude of the diurnal
rhythm in each individual was calculated as the difference between
the highest and lowest values of these 24-hour averages. Phase was
estimated for each animal as the ZT when the value of these 24hour averages first became higher than the overall daily mean
(temperature) or median (activity). These phase markers were
chosen to provide the most reliable estimators of phase, but
estimates based on daily peaks (or nadirs) gave similar results (not
shown). Phase and amplitude was also estimated directly from raw
records by fitting sinusoids (constrained to a period of 24 hours;
Prism 4, GraphPad Software, La Jolla, CA). Phase and amplitude
values derived from these fits were also essentially identical to those
estimated above (not shown).
Statistical comparisons for 4- and 6-month-old mice were
performed using a Student’s t-test. Data for 8- to 10-month-old
mice were analysed using a two-way repeated measures ANOVA
followed by Bonferroni multiple comparisons test; data was
recorded over time in the same group of mice. For the effect of
ibuprofen on body temperature and behaviour in Non-Tg and
3xTgAD mice, a two-way ANOVA followed by Tukey’s post-hoc
analysis was employed. For the effect of ibuprofen on body
temperature in C57BL/6 mice, the integrated temperature response
(between 0 and 8 hours), stated as area under the curve (AUC,
°C.hour), was calculated for each animal by the trapezoidal method.
Average AUC values were then determined for each group.
Differences were considered significant at the P<0.05 level.
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