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Abstract

In the senescence-accelerated mouse of the P8 line (SAMP8), age-related changes in circadian timing include a decrease in amplitude
of the rhythm, a slower rate of re-entrainment following a phase advance, and a longer free-running period (�). The present study extends
previous research by investigating possible split activity rhythms in the SAMP8. Running wheel activity was examined in 2-, 7-, and
12-month SAMP8. Consistent with previous research, rhythms of older SAMP8 were decreased in amplitude and showed high levels of
activity during the light phase of the light-dark cycle. Contrary to previous reports, lengthening of� in constant darkness was not observed.
Additionally, activity rhythms were “split” in older SAMP8, demonstrated by 1) the appearance of a secondary peak in the periodogram
at approximately half the value of� and 2) the perceptual classification of actograms by naı¨ve observers. This result differs from previous
studies in hamsters demonstrating an age-related decrease in the incidence of rhythm splitting. Overall, the present findings provide further
evidence for age-related disruption of circadian timing in SAMP8. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Age-related disruptions of circadian rhythms are ob-
served in many species, including humans, and are charac-
terized by both changes in behavior and physiology [5,18,
22,50]. Behavioral disturbances include fragmented sleep-
wake patterns, weak coupling with environmental rhythms,
high levels of nighttime activity, and reduced daytime cog-
nitive performance [52,53]. In mammals, dysfunction of the
circadian clock located in the suprachiasmatic nucleus
(SCN) of the hypothalamus may be responsible for disrup-
tions in circadian timing [34,40,49]. Evidence for this func-
tional breakdown in the SCN with age derives from 1) a
reduction in the number of cells and volume of the SCN
[6,37,43], 2) a reduction in total and rhythmic expression of
mRNA for vasoactive intestinal polypeptide in SCN [19,
21], and 3) demonstrations that age-related rhythm frag-
mentation can be reversed by transplantation of fetal SCN
cells [49].

The senescence-accelerated mouse line (SAM) is a

model of accelerated aging that offers one approach to
studying effects of age on circadian timing [45,47]. Two
major lines of SAM have been developed with one line
prone to the early onset of age-related pathologies (SAMP)
and the other line resistant to accelerated aging and exhib-
iting a normal rate of aging (SAMR). Each of these lines has
been further divided into sub-lines that have different types
of pathology. Much research on SAM lines has been con-
ducted on the P8 sub-line of the SAMP (SAMP8).

Two areas in which SAMP8 demonstrate accelerated
aging are learning/memory [12,23,24,57] and circadian tim-
ing [44]. With respect to circadian timing, SAMP8 show
various age-related changes in their near 24-h locomotor
activity rhythms, including a reduction in the amplitude of
the rhythm, a slower rate of re-entrainment following a
phase advance, and a lengthened free-running period in
constant dark conditions (�DD) [1,23,24,38,41,44]. These
age-related changes in circadian timing in SAMP8 are char-
acteristic of those frequently considered part of the normal
aging process in rodents [8,31,54–56], although some ro-
dents such as hamster, rat and deer-mice show a shortening
of their free-running period with age rather than a length-
ening [25,29,36,51]. Some aspects of activity rhythms in
SAMP8 appear to be unusual. SAMP8 produce an unusu-
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ally high level of locomotor activity, with a large proportion
of that activity occurring during daytime when nocturnal
rodents are normally inactive [23,24,38]. Disruptions of this
sort are reminiscent of various rhythm disorders associated
with human aging. Patients with senile dementia in partic-
ular, show excessive levels of nighttime activity, in relation
to healthy elderly of the same age [39,53]. For this reason,
the SAMP8 may be useful for investigating disruptions in
circadian timing associated with senile dementia and aging
[23].

One specific type of rhythm disruption that occurs in
many rodents is rhythm splitting [15]. Rhythm splitting is a
phenomenon that occurs when a single daily bout of loco-
motor activity dissociates into two periodic components.
Given enough time, the two components can become locked
in anti-phase, resulting in a split circadian rhythm with two
peaks of activity 180° apart. Splitting commonly occurs in
young adult hamsters maintained in constant light condi-
tions (LL) [30] and is known to occur in variety of other
mammals and birds [2,14,16,28]. Splitting in LL conditions
can also be induced by selectively timed dark pulses [4], as
well as entrained in LD [3]. Effects of age on rhythm
splitting have been examined in hamsters [10,25], but not in
other animals. In the hamster, the incidence of spontaneous
rhythm splitting in constant light and splitting induced by
dark pulses decreased with age.

Two pieces of indirect evidence suggest that split-like
activity rhythms may occur in SAMP8. First, a large pro-
portion of activity during the light phase tends to occur
primarily during the first three to four hours of the light
period [23]. This activity in addition to the normal activity
observed during the dark phase is consistent with a split
rhythm. Second, the spontaneous motor activity data re-
ported by Miyamoto (Fig. 5) appears to show a split-like
activity rhythm in the 8 and 12-month old SAMP8 that is
not observed in younger subjects, although the author does
not comment on this observation [23]. These results are
suggestive of an increased incidence of split-like activity
rhythms in aged SAMP8, a conclusion opposite the findings
in hamsters [10,25], which show a decreased incidence of
split rhythms. Thus, the present study was conducted to
establish 1) whether circadian rhythm are split in the
SAMP8 as hinted at by some previous data, 2) whether the
incidence of split rhythms is increased or decreased with
age, and 3) the age at which split rhythms start to appear.

2. Method

2.1. Animals

Twenty-nine naı̈ve, male SAMP8, ages two-months (n �
10), seven months (n � 9), and twelve months (n � 10)
were subjects for the study. The mice were bred and raised
in the animal research facility at Bowling Green State Uni-
versity. Two to four same-sex littermates were housed to-

gether, with food and water available ad libitum. Lights in
the animal rooms were on a 12 h light/12 h dark cycle
(lights on at 7:30 AM).

2.2. Apparatus

Wheel-running activity was monitored using four Wah-
mann running wheels (110 cm circumference, 7.5 cm width)
located in a room separate from the animal colony room.
The room was illuminated at 165 lux during the light phase.
A cage (22.5 � 12.5 � 12.5 cm) was attached to each
wheel, containing food and water. The mice were able to
freely move between the cage and the wheel. An IBM
compatible computer with custom software recorded the
activity of each wheel by time-stamping each wheel revo-
lution. A wheel revolution occurred whenever a magnet
attached to the wheel’s axis of rotation made contact with an
electronic switch sending a signal to the computer.

2.3. Procedure

Wheel-running rhythms were monitored for 16 days. For
the first 6 days, the colony room’s 12:12 light/dark (LD)
cycle was maintained in order to determine a baseline mea-
sure of the entrained wheel-running rhythms (�LD). For the
last 10 days, the mice were kept in constant darkness (DD)
in order to estimate each animal’s free-running period of
wheel-running activity (�DD).

2.4. Data analysis

Overall activity was measured by summing (or “bin-
ning” ) the number of wheel revolutions in successive 6-min
intervals over a 24-h period for the sixteen days of the
experiment. To consider possible age-related changes in the
proportion of activity in the light phase, P (activity�lights
on), the amount of activity for the first 12 h of each day
(light phase) was summed and then divided by the total
daily activity for the 6 days of LD.

To assess activity rhythms, double-plotted actograms
showing the amount of wheel running over the course of the
experiment were constructed. Estimates of �LD and �DD

were obtained by constructing chi-square periodograms
from binned activity of the first six days under LD condi-
tions and the next ten days under DD conditions, respec-
tively. The reader is referred to Sokolove and Bushell
(1978) for an excellent discussion of the chi-square perio-
dogram and its use in the analysis of circadian rhythms [42].
For the chi-square periodogram, a Qp statistic was calcu-
lated for hourly periods between 8 and 30 h using a bin size
of 6 min. The Qp statistic represents the degree to which
each period is present in the data, after accounting for
differences due to chance. In that sense, Qp is similar to a
chi-square statistic. In accordance with previous research,
the period associated with the largest value of Qp provides
an estimate of �, the true circadian period [35].
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To assess the presence of split circadian rhythms, ten
naı̈ve observers were asked to classify the double-plotted
actograms as either having four equally-spaced bands (cor-
responding to four phase-locked bouts of activity in a 48-h
period) or two equally-spaced bands (corresponding to two
phase-locked bouts of activity in a 48-h period). Observers
were supplied with ideal representations of 2-banded (Fig.
4a) and 4-banded (Fig. 4c) double-plotted actograms to
serve as guides. No information was provided to the ob-
servers about the subjects or purpose of the classification of
the pictures; observers were only instructed to make simple
perceptual judgments about the number of bands, ignoring
both the width and darkness of the bands. They were pre-
sented each actogram and asked to rate it on a six-point
scale: 1—definitely two bands, 2—very likely two bands,
3—maybe two bands, 4—maybe four bands, 5—very likely
four bands, 6 definitely four bands. The set of actograms
were presented to observers twice, each time in a random
order. The first set of ratings was treated as practice, with
the second set of ratings used for the analysis.

The statistical results reported below were conducted
using SPSS for Windows (Version 9.0, SPSS, Inc., Chicago,
IL); Analysis of variance (ANOVA) was used to assess
differences in overall activity, daytime activity, proportional
activity, free-running circadian period, and the Qp statistic.
For the ANOVA on proportional activity, an arc sine trans-
formation was first applied to the data in order to correct for
a violation in the assumption of normality. All post-hoc
comparisons between the three age groups were performed
using Tukey’s HSD with an alpha level of 0.01.

3. Results

Overall, young SAMP8 were more active than older
SAMP8. For the 2-month and 7-month groups, the amount
of run-wheel activity tended to increase over the course of
the first six days, and then stabilize after day six (Fig. 1). For
the 12-month group, the amount of run-wheel activity var-
ied from day to day, but did not shown a general trend to
increase over the course of the experiment. Confirming
these observations, the analysis of variance (ANOVA) on
mean daily activity (with day as a within-subject factor and
age as a between-subjects factor) demonstrated a significant
main effect of day, [F(15,390) � 11.40, P � 0.001], a
significant main effect of age [F(2,26) � 58.05, P � 0.001]
and a significant interaction between day and age
[F(30,390) � 2.58, P � 0.001]. Post-hoc analyses of overall
activity revealed significant differences between all three
groups (2-months–7-months, P � 0.001; 2-months–12-
months, P � 0.001; 7-months–12-months, P � 0.001). One
possible explanation for the increase in activity over the first
six days that was observed with the 2-month and 7-month
groups may be related to the SAMP8 learning to run in the
wheels, as none of the mice had prior experience with
running wheels.

Double-plotted actograms showed that all SAMP8 were
entrained to the 12:12 LD cycle. Using chi-square perio-
dograms constructed for the LD phase, mean �LD values
were within 0.1 h of 24 h for all ages; the margin of error
expected for a 6-min bin size. In DD, all three ages of
SAMP8 had free-running circadian periods that were sig-
nificantly less than 24 h (Fig. 2). Mean estimates of �DD

were 23.56 � 0.06, 23.58 � 0.05, and 23.69 � 0.06 h for
the 2-month, 7-month, and 12-month SAMP8, respectively
(mean � standard error). Individual estimates of �DD for
each mouse are listed in Table 1. Although the data suggest
a lengthening of �DD with age, a one-way ANOVA indi-
cated that this difference was not significant [F(2,26) �
1.71, ns]. Overall, estimates of �DD ranged between 23.2
and 24.0 h.

Overall, the 7-month old and 12-month old SAMP8
tended to spend proportionally more time running during
the light phase than did the 2-month old SAMP8 (Fig. 3b).
Age-related changes between 2- and 7-months in the pro-
portional daytime activity reflected both a decrease in over-
all activity and an increase in daytime activity (see Fig. 3a).
An ANOVA on the arc-sine transformed P(activity�lights
on) confirmed significant main effects of age and day [age:
F(2,26) � 22.78, P � 0.001; day: F(5,130) � 7.15, P �
0.001], but no interaction between these two factors
[F(10,130) � 1.967, ns]. Post-hoc comparisons between the
three groups using Tukey’s HSD confirmed that these age-
related changes in proportional daytime activity were pri-
marily between 2-months and 7-months (P � 0.001), with
the proportions of daytime activity for the 7-month and
12-month SAMP8 similar (P � 0.75). A second ANOVA
was performed on overall daytime activity to confirm that
the differences in proportional activity were partially due to
an increase in daytime activity, not just a decrease in night-
time activity. As expected, the ANOVA showed significant

Fig. 1. Time course of daily activity for 2-, 7-, and 12-month SAMP8.
Activity was assessed by running wheels and is expressed as the number of
wheel revolutions. Overall activity increased as a function of days and
decreased with age. Increases in activity across days occurred for the 2- and
7-month groups, but not the 12-month old group. During days 1–6,
SAMP8 were in a 12:12 h light-dark cycle. During days 7–16, mice were
in a constant dark condition.
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main effects of day [F(5,130) � 3.48, P � 0.01], and age
[F(2,26) � 5.85, P � 0.001] and a significant interaction
between these two factors [F(10,130) � 2.24, P � 0.05].
Post-hoc comparisons between the three groups using
Tukey’s HSD showed that the increase in daytime activity
from 2- to 7-months was significant (P � 0.05), as well as
the decrease in activity from 7- to 12-months (P � 0.01).

Closer inspection of the actograms revealed that the large
proportion of daytime activity that was found with the
7-month SAMP8 tended to be concentrated in the first few

hours after lights on (see Fig. 4d). This finding is similar to
that reported by Miyamoto (1997) [23], but contrasts with
the typical pattern of locomotor activity observed with the
2-month old SAMP8 (see Fig. 4b). These observations sug-
gested the possibility of split activity rhythms in some of the
older SAMP8. In order to assess the presence and incidence
of split activity rhythms in the three age groups, naı̈ve
observers were asked to rate actograms as consisting of two
or four equally-spaced bands, corresponding to the “unsplit”
and “split” conditions, respectively; see method sections for
details of the rating procedure. Based on the ratings, naı̈ve
observers judged the 7 month and 12-month SAMP8 to be
more split than the 2-month mice. For example, the mean
ratings for the actograms of the 2-month old and 7-month
old SAMP8 shown in Figs. 4b and 4d were 1.5 and 5.0,
respectively. Overall, 66% and 50% of the 7- and 12-month
SAMP8 were classified as split: (receiving mean ratings
greater than 3.5), whereas 0% of the 2-month SAMP8 were
similarly classified as split. A one-way ANOVA on the
mean ratings demonstrated a main effect of age [F(2,26) �
10.6, P � 0.001]. Post-hoc comparisons between the three
groups using Tukey’s HSD revealed that the 7-month and
12-month old SAMP8 were more “split” than the 2-month
old SAMP8 (P � 0.01), but that there were no significant
differences in the perceptual classification of the two older
age groups (P � 0.65).

Evidence of split activity rhythms was also provided by
the appearance of a strong secondary peak in the perio-

Fig. 2. Chi-square periodograms during constant dark conditions for the 2-, 7-, and 12 month SAMP8. Analysis of the periodogram uses a Qp statistic that
represents the degree to which each period is present in the data, after accounting for differences due to chance. Hourly periods between 8 and 30 h were
examined using a bin size of 6 min. Free-running period (�), which was not significantly different between ages, can be seen as peaks in the periodograms
near 24-hours. The mean estimates of � for the 2-, 7-, and 12-month SAMP8 were 23.56, 23.58, and 23.69 h, respectively.

Table 1
Individaul estimates of �DD for the 2-month, 7-month, and 12-month old
SAMP8. Each estimate was obtained by determining the time of the
peak Qp statistic in the Chi-square periodograms

2 Month 7 Month 12 Month

Mouse Tau (Hrs.) Mouse Tau (Hrs.) Mouse Tau (Hrs.)

y21 23.4 m11 23.8 o22 23.7
y23 23.2 m12 23.5 o23 23.8
y24 23.4 m13 23.7 o24 24.0
y31 23.6 m21 23.4 o31 23.7
y33 23.6 m23 23.5 o33 23.7
y34 23.8 m24 23.4 o34 23.7
y41 23.6 m32 23.7 o41 23.7
y42 23.6 m42 23.6 o44 23.8
y43 23.8 m44 23.6 o52 23.4
y44 23.6 o53 23.4
Mean 23.56 Mean 23.58 Mean 23.69
S.E.M. 0.06 S.E.M. 0.05 S.E.M. 0.06
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dograms of the 7-month and 12-month old mice in DD. The
secondary peak (Qp12) occurred at approximately half of the
estimated �DD, and its amplitude was significantly correlated
with the observer ratings of individual subjects; higher Qp12

values were associated with higher mean ratings, r � 0.44,
P � 0.01. To further assess whether the incidence of split
rhythms changed with age, we focused on the Qp statistic
for the secondary peak of the periodograms that occurred at
approximately 12 h (Qp12). A one-way ANOVA revealed a
significant main effect of age, F(2,26) � 3.35, P � 0.05,
with larger Qp12 values observed with older SAMP8. Post-
hoc analyses of Qp12 using Tukey’s HSD revealed signifi-
cant differences between the 2-month old group and the two
older age groups (P � 0.01), but no difference between the
7-month and 12-month old groups. The Qp12 metric also
tended to be associated with a simultaneous decrease in the
amplitude of the primary peak near 24 h. The overall
strength of this correlation, however, was only marginally
significant (r � �0.27, P � 0.08), and did not seem to
suggest a correlated occurrence within age groups. Thus,
changes in the amplitude of Qp24 and Qp12 may measure

independent age-related phenomena: one related to a de-
crease in the amplitude of the rhythm with age and the other
related to increased incidence of split activity rhythms.

4. Discussion

The present study examined age-related changes in cir-
cadian rhythms of SAMP8. Rhythms were assessed at 2-, 7-,
and 12-month of age using run-wheel activity. Consistent
with previous research, we observed an age-related decrease
in the amount of wheel-running activity [1], an age-related
decrease in the overall amplitude of �DD [1] and an age-
related increase in the proportion of daytime activity [23].
However, we failed to replicate a lengthening of �DD in aged
SAMP8 [1]. Most of the observed differences were between
the 2- and 7-month old age groups. With the exception of
rhythm amplitude, the activity rhythms of the 7- and 12-
month old animals were quite similar.

The main focus of this study was to establish whether
circadian rhythms are split in the SAMP8 as hinted at by
some previous data, whether the incidence of split rhythms
is increased or decreased with age, and the age at which split
rhythms start to appear. The results from this study con-
firmed split activity rhythms in SAMP8, as evidenced by 1)
the perceptua1 classification of the set of double plotted
actograms by naı̈ve observers, and 2) the appearance of a
strong secondary peak in the periodograms at approximately
half the value of �DD. Splitting was found to emerge at
7-months of age, with the incidence of splitting roughly
constant between the 7- and 12-month age groups.

Split activity rhythms have been observed previously in
various types of animals, but most research on this topic has
involved hamsters [2,14,16,28,30]. For hamsters, which are
nocturnal like mice, split activity rhythms emerge sponta-
neously under conditions of constant light [25,30]. Age
reduces the incidence of spontaneous and dark-pulse in-
duced splitting of the circadian rhythm in hamsters [10,25].
Results of the present study found the opposite, i.e. in-
creased incidence of split rhythms in aged SAMP8 as com-
pared to young SAMP8. Discrepancies between our find-
ings and those in previous studies may be due to several
factors including species differences of the subjects (mouse
vs. hamster) and constant condition (dark vs. light).

Another possible reason for the difference is that the split
activity rhythms observed with the SAMP8 may not repre-
sent the same type of splitting typically observed with
hamsters. Rhythm splitting in hamsters is evidenced by an
initial transitory phase where the two components of the
rhythm initial free-run with distinct periods before becom-
ing “ locked” in anti-phase. With the SAMP8, no such tran-
sitory period was evident, leaving at least two potential
explanations of the split activity rhythms: [1] there are two
independent periodic components underlying the split
rhythms, each with approximate 24-h rhythms and running
in anti-phase or [2] there is a single component with an

Fig. 3. Overall activity, daytime activity, and proportional daytime activity
of the 2-, 7-, and 12-month SAMP8 during 12:12 light-dark conditions. (A)
Overall activity was greatest for the 2-month group and decreased with age.
In contrast, daytime activity increased from 2-months to 7-months, but then
decreased for 7- to 12-months. (B) Proportional daytime activity was much
higher for the 7- and 12-month groups than for the 2-month group. Total
activity was assessed as the mean number of wheel revolutions in a 24-h
period. Daytime activity was assessed as the mean number of wheel
revolution for the 12 h when the lights were on. Dividing the daytime
activity by the total activity assessed the proportion of activity that oc-
curred during the daytime.
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approximate 12-h rhythm. If age-related changes in the
circadian system of the SAMP8 lead to a split condition,
then we may have simply missed any transitory phase be-
cause of the ages examined in this study. Indeed, the 7- and
12-month SAMP8 that were classified as “split” appeared to
show split-like rhythms during the first six days of LD in
addition to during DD, making it difficult to behaviorally
distinguish these two possibilities within the present frame-
work. We therefore refer to “split” rhythms in quotations to
reflect the possibility that we may be describe a phenomena
that is different from that described for hamsters. Nonethe-
less, the present data are at least consistent with a two-
component explanation.

In the two-component explanation of splitting, there are
two mutually coupled oscillators with two stable modes of
entrainment [30]. The two oscillators are referred to as the
E and M oscillators, respectively, with the E oscillator
controlling the onset of activity in the evening and the M
oscillator controlling the offset of activity in the morning.
Normally, the E and M oscillators (each with slightly dif-
ferent periods) are mutually entrained with the M oscillator
lagging the E oscillator by several hours. Under the right
conditions, detuning of the oscillators occurs, and the E and

M oscillators split, first free-running independently, before
re-entraining with a 180° phase relationship and a slightly
shorter composite free-running period (�).

For hamsters, there is some physiological evidence to
suggest that the two putative oscillators in the coupled-
oscillator model may be functionally localized to the left
and right hemispheres of the SCN. First, unilateral SCN
lesions in split hamsters abolish the splitting, and produce a
single bout of locomotion [7]. Second, cyclic expression of
the Per1 gene in the SCN is asymmetrically expressed in
split hamsters, but not in un-split hamsters [9]. Of potential
interest, then, in trying to distinguish the two-component
and one-component explanations of “split” rhythms in the
SAMP8 is whether for SAMP8, there are age-related dif-
ferences in the cyclical expression of Per1 in the SCN of the
SAMP8. Asymmetrical expression of Per1 in the SAMP8
for split animals, but not for unsplit animals would support
a two-oscillator explanation of splitting in the SAMP8.

A second issue that arises in this study is whether the
reported age-related disruptions of circadian rhythms are
accelerated in SAMP8 in comparison to a resistant line of
SAM, such as SAMR1. Because the focus of the present
study was the phenomenon of splitting in SAMP8 only, it

Fig. 4. Double plotted actograms of a mouse with an unsplit rhythm and a mouse with a split rhythm. During days 1–6, mice were subjected to a 12:12 h
light-dark cycle. During days 7–16, mice were located in a constant dark environment. Naı̈ve human observers were asked to make perceptual judgments
of actograms and rate actograms as consisting of two or four bands. An ideal actogram with 2 equally spaced bouts of activity (A) and another with four
equally spaced bouts of activity (C) were given to observers as guides. These ideal actograms represented unsplit (two bands) and split (four bands) rhythms,
although observers were not given any interpretations of the actograms. The double-plotted actogram from a 2-month SAMP8 (B) with an unsplit activity
rhythm shows a high amount of activity during each of the two dark phases. The fact that the onset of activity starts at approximately the same time during
days 1–6 demonstrates that mice were entrained to the light-dark cycle. The gradual phase-advance during days 7–16 shows that the free-running period was
less than 24 h. The double plotted actogram from a 7-month SAMP8 (D) shows, in contrast, four distinct bouts of activity rather than two. The four bouts
of activity were approximately equally spaced demonstrating a split activity rhythm with the two components approximately 12 h apart. This actogram also
illustrates the high degree of fragmentation that was observed in the 7- and 12-month SAMP8. The activity bands generally are synchronized with the lights
on and lights off during days 1–6 demonstrating entrainment with the 12:12 light-dark cycle. Similar to the 2-month mice, the activity bouts gradually
phase-advance during days 7–16 showing that this mouse had a free-running period less than 24 h.
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is not presently know whether the reported age-related in-
creases in split activity rhythms are specific to the SAMP8
or may be a more general finding in SAM mouse lines or
even other strains or species. A number of age-related brain
and behavioral changes have been documented for several
SAM lines that have some bearing on this question [11,12,
13,17,20,24,26,27,45,46,47,48,57]. Based on these studies,
it is a matter of debate whether behavioral disturbances
observed in the SAMP8 circadian rhythm are due to accel-
erating aging of the SCN clock. Few differences between
SAMP8 and SAMR1 strains have been reported for the
SCN [38]. Neither overall size of the SCN, nor the number
of arginine-vasopressin (AVP) containing neurons in the
SCN, varied significantly between 10-month old SAMP8
and SAMR1. Overall, these findings suggest age-related
changes in circadian timing may not be accelerated in
SAMP8 compared to SAMR1, although further work is
needed to directly address this question.

One discrepancy between the present study and previous
research is that we did not find a significant lengthening of
free running � with age, as has been previously reported. At
least three possible reasons may account for the failure to
replicate the age-related changes of �DD. First, the effect of
age on �DD may be small. Indeed, a trend was observed for
a lengthening of �DD with age, but this observation was not
statistically significant. Previous studies in SAMP8 show a
relatively small effect of age on �DD, on the order of 0.3 h
[1]. Second, age-related alterations in free running � may
only appear after an extended time in constant conditions. In
one study reporting age-related changes in �DD, differences
only appeared after several months in constant darkness [8].
Finally, according to a two-oscillator explanation of “split-
ting,” free running � in the split condition should be shorter
than in the unsplit condition, which given the age-related
increase in splitting observed with the SAMP8 might par-
tially counteract an independent age effect that lengthened
�. An exploratory t test between the � values for mice
classified as “split” and “unsplit” did not show a significant
difference (P � 0.3), although this is perhaps not surprising
given the small n and variability of �. To carefully address
this possibility would require a longitudinal, rather than a
cross-sectional design, with each mouse serving as it’s own
control (monitored both in an unsplit and split condition).

In summary, the present study found evidence for in-
creased “split” activity of the circadian rhythms of older
SAMP8. The “splitting” occurred between 2- and 7-months
of age with no further changes between 7- and 12 months of
age other than overall activity/rhythm amplitude. This result
contrasts with those in hamsters that have found a decreased
incidence of splitting with age. Additionally, the present
study replicates most of the findings of previous studies on
age-related changes in the circadian rhythms of SAMP8.
The types of disruptions in circadian rhythm that we and
others have found for SAMP8 are similar to those reported
in aged humans and patients with senile dementia [39,50].
Normal aged and senile subjects have reduced amplitudes of

rhythms of a number of physiological and behavioral mea-
sures (see reference [50] for a review) and increased frag-
mentation of sleep patterns [32,33]. Although we did not
measure sleep in the present study, the actograms of the
aged SAMP8 were clearly fragmented in the normally in-
active (light) time of the day, suggesting a disrupted sleep.
Aged humans, like our aged SAMP8, have higher levels of
activity during the normally inactive period [52]. In conclu-
sion, the present findings provide further support for the use
of the SAMP8 as a model of circadian rhythm disruptions
associated with normal aging and senile dementia in hu-
mans.

References

[1] Asai M, Ikeda M, Akiyama M, Oshima I, Shibata S. Administration
of melatonin in drinking water promotes the phase advance of light-
dark cycle in senescence-accelerated mice, SAMRl but not SAMP8.
Brain Res 2000;876:220–4.

[2] Aschoff J. Circadian rhythms in birds. In: Snow DW, editor. Pro-
ceedings of XIV International Ornithological Conference. Oxford:
Blackwell, 1967. p. 85–105.

[3] Boulos Z, Morin LP. Entrainment of split circadian activity rhythms
in hamsters. J Biol Rhythms 1985;1:1–15.

[4] Boulos Z, Rusak B. Dark pulse PRCs in hamsters. J Comp Physiol
1982;146:411–7.

[5] Brock MA. Chronobiology and aging. J Am Geriatr Soc 1991;39:
74–91.

[6] Chee CA, Roozendaal B, Swaab DF, Goudsmit E, Mirmiran M.
Vasoactive intestinal polypeptide neuron changes in the senile rat
suprachiasmatic nucleus. Neurobiol Aging 1988;9:307–12.

[7] Daan S, Berde C. Two coupled oscillators: simulations of the circa-
dian pacemaker in mammalian activity rhythms. J Theor Biol 1978;
70:297–313.

[8] Davis FC, Menaker M. Hamsters through time’s window: temporal
structure of hamster locomotor rhythmicity. Am J Physiol 1980;239:
R149–55.

[9] de la Iglesia HO, Meyer J, Carpino A, Schwartz WJ. Antiphase
oscillation of the left and right suprachiasmatic nuclei. Science 2000;
290:799–801.

[10] Duncan MJ, Deveraux AW. Age-related changes in circadian re-
sponses to dark pulses. Am J Physiol Regul Integr Comp Physiol
2000;279:R586–90.

[11] Flood JF, Morley JE. Early onset of age-related impairment of aver-
sive and appetitive learning in the SAM-P/8 mouse. J Gerontol
1992;47:B52–9.

[12] Flood JF, Morley JE. Learning and memory in the SAMP8 mouse.
Neurosci Biobehav Rev 1998;22:1–20.

[13] Flood JF, Morley JE, La Reginna M. Age-related changes in the
pharmacological improvement of retention in senescence accelerated
mouse (SAM). Neurobiol Aging 1993;14:159–66.

[14] Gwinner E. Testosterone induces “splitting” of circadian locomotor
activity rhythms in birds. Science 1974;185:72–4.

[15] Hastings JW, Rusak B, Boulos Z. Circadian rhythms: the physiology
of biological timing. In: Prosser CL, editor. Neural and integrative
animal physiology. New York: John Wiley & Sons, Inc., 1991. p.
435–546.

[16] Hoffmann K. Splitting of circadian rhythms in tree shrews. In:
Menaker M, editor. Biochronometry. Washington, DC: National
Academy of Sciences, 1971.

[17] Hosokawa M. Grading score system: a method of evaluation of the
degree of senescence in Senescence-Accelerated Mouse (SAM). In:

631J.D. McAuley et al. / Neurobiology of Aging 23 (2002) 625–632



Takeda T, editor. The SAM Model of Senescence. Amsterdam:
Elsevier, 1994. p. 23–8.

[18] Ingram DK, London ED, Reynolds MA. Circadian rhythmicity and
sleep: effects of aging in laboratory animals. Neurobiol Aging 1982;
3:287–97.

[19] Kawakami F, Okamura H, Tamada Y, Maebayashi Y, Fukui K, Ibata
Y. Loss of day-night differences in VIP mRNA levels in the supra-
chiasmatic nucleus of aged rats. Neurosci Lett 1997;222:99–102.

[20] Kawamata T, Akiguchi I, Yagi H, Irino M, Suglyama H, Akiyama J,
Shimada, A, Takemura M, Ueno M, Kitabayashi T, Ohnishi K, Seriu
N, Higuchi K, Hosokawa M, Takeda T. Neuropathological studies on
strains of senescence accelerated mice (SAM) with age-related defi-
cits in learning and memory. Exp Gerontol 1997;32:161–9.

[21] Krajnak K, Kashon ML, Rosewell KL, Wise PM. Aging alters the
rhythmic expression of vasoactive intestinal polypeptide mRNA but
not arginine vasopressin mRNA in the suprachiasmatic nuclei of
female rats. J Neurosci 1998;18:4767–74.

[22] Miles LE, Dement WC. Sleep and aging. Sleep. 1980;3:1–220.
[23] Miyamoto M. Characteristics of age-related behavioral changes in

senescence accelerated mouse SAMP8 and SAMP10. Exp Gerontol
1997;32:139–48.

[24] Miyamoto M, Kiyota Y, Yamazaki N, Nagaoka A, Matsuo T, Na-
gawa Y, Takeda T. Age-related changes in learning and memory in
the senescence-accelerated mouse (SAM). Physiol Behav 1986;38:
399–406.

[25] Morin LP. Age-related changes in hamster circadian period, entrain-
ment, and rhythm splitting. J Biol Rhythms 1988;3:237–48.

[26] Nomura Y, Okuma Y. Age-related defects in lifespan and learning
ability in SAMP8 mice. Neurobiol Aging 1999;20:111–5.

[27] Okuma Y, Nomura Y. Senescence-accelerated mouse (SAM) as an
animal model of senile dementia: pharmacological, neurochemical,
and molecular biological approach. Jpn J Pharmacol 1998;78:399–
404.

[28] Pittendrigh CS. Circadian rhythms and the circadian organization of
living systems. Cold Spring Harbor Symposium on Quantitative Bi-
ology 1960;25:155–84.

[29] Pittendrigh CS, Daan S. Circadian oscillations in rodents: a system-
atic increase of their frequency with age. Science 1974;186:548–50.

[30] Pittendrigh CS, Daan S. A functional analysis of circadian pacemak-
ers in nocturnal rodents. J Comp Physiol 1976;106:333–55.

[31] Possidente B, McEldowney S, Pabon A. Aging lengthens circadian
period for wheel-running activity in C57BL mice. Physiol Behav
1995;57:575–9.

[32] Prinz PN, Peskind ER, Vitaliano PP, Raskind MA, Eisdorfer C,
Zemcuznikov N, Gerber CJ. Changes in the sleep and waking EEGs
of nondemented and demented elderly subjects. J Am Geriatr Soc
1982;30:86–93.

[33] Prinz PN, Vitaliano PP, Vitiello MV, Bokan J, Raskind M, Peskind E,
Gerber C. Sleep, EEG, and mental function changes in senile demen-
tia of the Alzheimer’s type. Neurobiol Aging 1982;3:361–70.

[34] Ralph MR, Foster RG, Davis FC, Menaker M. Transplanted supra-
chiasmatic nucleus determines circadian period. Science 1990;247:
975–8.

[35] Refinetti R. Laboratory instrumentation and computing: comparison
of six methods for the determination of the period of circadian
rhythms. Physiol Behav 1993;54:869–75.

[36] Rietveld WJ, Boon ME, Korving J, van Schravendijk K. Circadian
rhythms in elderly rats. Cycle Res 1985;16:154.

[37] Roozendaal B, van Gool WA, Swaab DF, Hoogendijk JE, Mirmiran
M. Changes in vasopressin cells of the rat suprachiasmatic nucleus
with aging. Brain Res 1987;409:259–64.

[38] Sanchez-Barcelo EJ, Megias M, Verduga R, Crespo D. Differences
between the circadian system of two strains of senescence-accelerated
mice (SAM). Physiol Behav 1997;62:1225–9.

[39] Satlin A, Teicher MH, Lieberman HR, Baldessarini RJ, Volicer L,
Rheaume Y. Circadian locomotor activity rhythms in Alzheimer’s
disease. Neuropsychopharmacol 1991;5:115–26.

[40] Schwartz WJ, Zimmerman P. Lesions of the suprachiasmatic nucleus
disrupt circadian locomotor rhythms in the mouse. Physiol Behav
1991;49:1283–7.

[41] Shibata S, Asai M, Oshima I, Ikeda M, Yoshioka T. Melatonin
normalizes the re-entrainment of senescence accelerated mice (SAM)
to a new light-dark cycle. In: Olcese J, editor. Melatonin after four
decades. New York: Kluwer Academic/Plenum, 2000. p. 261–70.

[42] Sokolove PG, Bushell WN. The chi square periodogram: its utility for
analysis of circadian rhythms. J Theor Biol 1978;72:131–60.

[43] Swaab DF, Fliers E, Partiman TS. The suprachiasmatic nucleus of the
human brain in relation to sex, age and senile dementia. Brain Res
1985;342:37–44.

[44] Takeda, T. Senescence-accelerated mouse (SAM): a biogerontologi-
cal resource in aging research. Neurobiol Aging 1999;20:105–10.

[45] Takeda T, Hosokawa M, Higuchi K. Senescence-accelerated mouse
(SAM): a novel murine model of accelerated senescence. J Am
Geriatr Soc 1991;39:911–9.

[46] Takeda T, Hosokawa M, Higuchi K. Senescence-accelerated mouse
(SAM): a novel murine model of aging. In: Takeda T, editor. The
SAM Model of Senescence. Amsterdam: Elsevier, 1994. p. 15–22.

[47] Takeda T, Hosokawa M, Takeshita S, Irino M, Higuchi K, Matsushita
T, Tomita Y, Yasuhira K, Hamamoto H, Shimizu K, Ishii M,
Yamamuro T. A new murine model of accelerated senescence. Mech
Ageing Dev 1981;17:183–94.

[48] Takemura M, Nakamura S, Akiguchi I, Ueno M, Oka N, Ishikawa S,
Shimada A, Kimura J, Takeda T. Beta/A4 proteinlike immunoreac-
tive granular structures in the brain of senescence-accelerated mouse.
Am J Pathol 1993;142:1887–97.

[49] Turek FW, Penev P, Zhang Y, Van Reeth O, Takahashi JS, Zee P.
Alterations in the circadian system in advanced age. Ciba Found
Symp 1995;183:212–26.

[50] Van Gool WA, Mirmiran M. Aging and circadian rhythms. Prog
Brain Res 1986;70:255–77.

[51] van Gool WA, Witting W, Mirmiran M. Age-related changes in
circadian sleepwakefulness rhythms in male rats isolated from time
cues. Brain Res 1987;413:384–7.

[52] van Someren EJ, Hagebeuk EE, Lijzenga C, Scheltens P, de Rooij SE,
Jonker C, Pot AM, Mirmiran M, Swaab DF. Circadian rest-activity
rhythm disturbances in Alzheimer’s disease. Biol Psychiatry 1996;
40:259–70.

[53] van Someren EJ, Mirmiran M, Swaab DF. Non-pharmacological
treatment of sleep, and wake disturbances in aging, and Alzheimer’s
disease: chronobiological perspectives. Behav Brain Res 1993;57:
235–53.

[54] Wax TM. Runwheel activity patterns of mature-young and senescent
mice: the effects of constant lighting conditions. J Gerontol 1975;30:
22–7.

[55] Welsh DK, Richardson GS, Dement WC. Effect of age on the circa-
dian pattern of sleep and wakefulness in the mouse. J Gerontol
1986;41:579–86.

[56] Witting W, Mirmiran M, Bos NP, Swaab DF. The effect of old age on
the freerunning period of circadian rhythms in rat. Chronobiol Int.
1994;11:103–12.

[57] Yagi H, Katoh S, Akiguchi I, Takeda T. Age-related deterioration of
ability of acquisition in memory and learning in senescence acceler-
ated mouse: SAM-P/8 as an animal model of disturbances in recent
memory. Brain Res 1988;474:86–93.

632 J.D. McAuley et al. / Neurobiology of Aging 23 (2002) 625–632


