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Circadian clock resetting in the mouse changes with age
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Abstract The most widely recognised consequence
of normal age-related changes in biological timing is
the sleep disruption that appears in old age and
diminishes the quality of life. These sleep disorders
are part of the normal ageing process and consist
primarily of increased amounts of wakefulness and
reduced amounts of deep sleep. Changes in the
amplitude and timing of the sleep-wake cycle appear
to represent, at least in part, a loss of effective
circadian regulation of sleep. Understanding alter-
ations in the characteristics of stimuli that help to
consolidate internal rhythms will lead to recommen-
dations to improve synchronisation in old age.
Converging evidence from both human and animal
studies indicate that senescence is associated with
alterations in the neural structure thought to be
primarily responsible for the generation of the
circadian oscillation, the suprachiasmatic nuclei
(SCN). Work has shown that there are changes in
the anatomy, physiology and ability of the clock to
reset in response to stimuli with age. Therefore it is
possible that at least some of the observed age-related
changes in sleep and circadian timing could be
mediated at the level of the SCN. The SCN contain
a circadian clock whose activity can be recorded in
vitro for several days. We have tested the response of
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the circadian clock to a number of neurochemicals
that reset the clock in a manner similar to light,
including glutamate, N-methyl-D-aspartate (NMDA),
gastrin-releasing peptide (GRP) and histamine (HA).
In addition, we have also tested agents which phase
shift in a pattern similar to behavioural ‘non-photic’
signals, including neuropeptide Y (NPY), serotonin
(5HT) and gamma-aminobutyric acid (GABA). These
were tested on the circadian clock in young and older
mice (approximately 4 and 15 months old). We found
deficits in the response to specific neurochemicals but
not to others in our older mice. These results indicate
that some changes seen in the responsiveness of the
circadian clock to light with age may be mediated at
the level of the SCN. Further, the responsiveness of
the circadian clock with age is attenuated to some, but
not all stimuli. This suggests that not all clock stimuli
loose their effectiveness with age, and that it may be
possible to compensate for deficits in clock perfor-
mance by enhancing the strength of those stimulus
pathways which are intact.
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Introduction

The disruption of sleep evident in older individuals
may be a symptom of loss of effective synchronisa-
tion. The impact of this deficit has measurable
consequences. There are medical implications from
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the disruption in chemical, metabolic and hormonal
cycles, as well as consequences for mood and
performance. By understanding the mechanisms of
normal age-related alterations in clock function we
may be able to make recommendations of interven-
tions that will improve the quality of life for
individuals of advanced age

Age-related phase advances of circadian rhythms are
consistent with the hypothesis that the pacemaker is
altered in animals of advanced age. Studies indicate that
ageing is associated with a decreased responsiveness to
the phase shifting effects of both light (photic) and
behavioural (non-photic) stimuli. Although age-related
changes in phase shifts of circadian rhythms have been
documented, little is known about the physiological
basis underlying these alterations (Hofman and Swaab
2006). Such phase shifting responses are likely to
contribute to the synchronisation of the circadian
pacemaker to the environment.

Age-related changes in daily rhythms may
involve alterations along the input pathway for
synchronising signals, in the central pacemaker
itself, or in the output pathways which communi-
cate timing information to areas governing overt
rhythms. A growing body of evidence obtained
both in humans and animals shows that ageing is
associated with alterations in the neural structure
thought to be primarily responsible for the gener-
ation of the circadian oscillation, the suprachias-
matic nuclei (SCN). Reports indicate that both the
anatomy and physiology of the SCN are altered in
advanced age, with the most dramatic changes
being found in the brains of demented patients
(Harper et al. 2008). Thus, the observation that
clock-controlled properties of overt rhythms change
during senescence, and the fact that the SCN itself
shows pronounced changes in advanced age, make it
likely that at least some of the age-related changes
are due to alterations in the pacemaker mechanism
itself (Aujard et al. 2001).

The hypothalamic SCN are the site of an
endogenous circadian pacemaker in mammals
(Rusak and Zucker 1979), and this maintains
clock-function in vitro. The SCN generate a self-
sustained oscillation which may be measured in the
hypothalamic brain slice preparation as a rhythm in
firing rate. This time of the peak in firing is
consistent with multi-unit recordings from rats
conducted in vivo (Inouye and Kawamura 1982).
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The peak recorded from rodents held under the same
light/dark cycle is highly congruent (Biello et al.
1997a), and can be measured for three to four circa
24-h cycles (Prosser and Gillette 1989). Measures of
neurochemical-induced changes in peak firing times
using this model have been integral to our under-
standing of input pathways to the SCN (Brown and
Piggins 2007).

Light is the primary synchronising agent in the
natural environment. It resets the circadian clock with
a phase response curve characterised by phase delays
in the early night and phase advances in the late night.
Photosensitive ganglion cells convey signals directly
to the SCN via the retinohypothalamic tract (RHT)
(Johnson et al. 1988). Converging evidence suggests
that glutamate is the main transmitter of the RHT
(Ebling 1996), used to transmit photic information to
the circadian clock. The phase of the peak in SCN cell
firing rate in vitro is reset by application of glutamate
in a manner that resembles the light phase response
curve in vivo, with phase-delay shifts in the early
evening, followed by phase advances in the late
evening. Some actions of glutamate are mediated via
the N-methyl-D-aspartate (NMDA) subtype of gluta-
mate receptors, and resetting in response to light is
blocked by NMDA receptor antagonists (Colwell et
al. 1990). Resetting to stimulation of the SCN by
glutamate can be mimicked in the mouse in vitro slice
preparation by application of NMDA (Soscia and
Harrington 2004).

In addition, other transmitters such as histamine
(HA) and gastrin-releasing peptide (GRP), which can
reset the circadian clock in a manner similar to light
may also participate in synchronisation.

HA is involved in the control of arousal and the
sleep wake system. Further, it may be involved in
photic synchronisation of the circadian clock (Haas et
al. 2008). In the brain of the mammal, all HA is
synthesised in the tuberomammillary of the hypothal-
amus, and fibres innervate most areas of the central
nervous system, including the SCN (Panula et al.
1989). HA can reset the circadian clock in both rats
and hamsters (Harrington et al. 2000). In hamsters,
these shifts are dependent on NMDA receptor
activation, and HA can potentiate NMDA currents
within the hamster SCN (Meyer et al. 1998).

GRP is synthesised by neurons in the ventrolat-
eral SCN. The peptide and activation of the
associated receptor also resets the circadian clock
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in vitro and in vivo in a pattern resembling that of
photic stimulation (McArthur et al. 2000; Albers et
al. 1995; Piggins et al. 1995). In hamsters this
mechanism involves the NMDA receptor (Kallingal
and Mintz 2006). It is, therefore, possible that GRP
or receptors for GRP are involved in photic
entrainment of circadian rhythms.

While light is the most potent synchroniser, non-
photic cues (both arousal and pharmacological treat-
ments) can also entrain circadian rhythms. These
stimuli reset in a pattern very different from that seen
in response to photic signals, and resetting is
characterised by significant phase advances during
the day, and smaller, more variable phase delays
during the night (Smith et al. 1992). This non-photic
shifting is, in part, modulated by several neuro-
chemicals found within the rodent circadian clock.
These include neuropeptide Y (NPY), serotonin
(5HT) and gamma-aminobutyric acid (GABA).

The SCN are innervated by NPY-containing cells
from the intergeniculate leaflet of the lateral genicu-
late nucleus, some of which are retinorecipient
(Pickard et al. 1987).

This transmitter produces a characteristic non-
photic phase response curve when administered both
in vivo and in vitro (Biello et al. 1994, 1997b). These
shifts are blocked by depolarization and involve
protein kinase C (Biello et al. 1997b).

The raphe hypothalamic tract arises from seroto-
nergic neurons in the median raphe. Electrical
stimulation of the median raphe phase shifts circadian
activity rhythms in a non-photic pattern, producing
the most significant phase changes during the day,
and smaller phase delays during the night (Meyer-
Bernstein and Morin 1999). This is similar to the
effect of systemic injections of serotonin agonists in
hamsters (Bobrzynska et al. 1996) or mice (Horikawa
and Shibata 2004; but see Antle et al. 2003). The
rhythm in firing rate in vitro can also be reset by
serotonin agonists in a dose-dependent manner in
hamster, rat and mouse (Biello and Dafters 2001;
Prosser 2001, 2003).

Finally, GABA is also an important neurotrans-
mitter in the circadian system (Moore and Speh
1993). The SCN receive extensive GABAergic
innervation (Buijs et al. 1994) and nearly all of the
neurones in the SCN are GABA-producing (Moore
and Speh 1993). Many phase shifting stimuli are
thought to involve GABA in their actions on the

circadian clock, and it is likely that it plays a
significant role in regulating entrainment. GABA
agonists have been shown to phase shift the
circadian clock when administered systemically
(Ralph and Menaker 1989), centrally (Huhman et
al. 1995), and in vitro (Tominaga et al. 1994) in a
phase-dependent manner.

There was early evidence that changes in the
electrophysiological properties of the pacemaker
emerged with age (Satinoff et al. 1993) and that
this reflected changes in behaviour. Presumably this
alteration in the SCN itself has consequences for the
ability of phase resetting and synchronising stimuli
to act on the circadian clock. However, little
published evidence evaluates the relative impact of
ageing on different transmitter systems. Here we
compare the phase shifting effects of a number of
phase shifting agents thought to be involved in
entrainment. These include transmitters which are
thought to act both within the photic and non-photic
pathways. If there are alterations in the function of
the circadian clock at the level of the SCN, we would
expect to see changes in reponse to these phase
shifting stimuli. Further, if resetting occurs in
response to some stimuli but not others, this would
suggest there are disruptions to particular phase
shifting pathways, and not the ability of the circadian
clock itself to reset.

Experimental procedures

Animals and tissue preparation Younger (4—5 months)
or older (15-17 months), adult, male C57BL/6 mice
(University of Glasgow) were housed in one of two
opposite photoperiods, with a light:dark schedule of
12:12 h. Zeitgeber time (ZT) was defined as ZT 12
being the projected time of lights off in the animal
room. Mice were administered an overdose of
halothane anaesthesia and decapitated during the
phases when this manipulation does not induce phase
shifts (Gillette 1986); in most cases between ZT 2 and
5. Hypothalamic slices (500 um) containing the SCN
were placed in a gas-fluid interface slice chamber
(Medical Systems BSC with Haas top), continuously
bathed (1 ml/min) in artificial cerebrospinal fluid
(ACSF) containing 125.2 mm NaCl, 3.8 mm KCI,
1.2 mm KH,PO,4, 1.8 mm CaCl,, 1 mMm MgSQ,,
24.8 mMm NaHCOs;, 10 mMm glucose. ACSF (pH 7.4)
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was supplemented with an antibiotic (gentamicin,
0.05 gm/l) and a fungicide (amphotericin, 2 mg/l) and
maintained at 34.5°C. Warm, humidified 95% oxy-
gen:5% carbon dioxide was continuously provided.

Electrophysiological recordings Extracellular single-
unit activity of SCN cells was detected with glass
micropipette electrodes filled with ACSF, advanced
through the slice using a hydraulic microdrive. The
electrode was placed into regions of the SCN at
random, alternating between the left and right SCN.
The signal was fed into an amplifier for further
amplification and filtering, and was continuously
monitored by an oscilloscope and audio monitor.
Firing rate and interspike interval data were
analysed using Spike (Cambridge Electronic De-
sign, Cambridge, UK) data acquisition software and
a customised program for calculation of descriptive
statistics. The average spontaneous firing rate and
the ZT for each single unit encountered was
recorded for 4-5 min by an experimenter blind to
all treatments.

Drugs and treatments Since this was the first time a
number of these neurochemicals had been tested in
the mouse, they were administered as either a
microdrop, or within a bath, in the same way
previously published work had shown were able to
phase shift the rodent SCN (see references for drug
applications below). Drugs were dissolved to the
desired concentrations in ACSF (Biello et al.
1997b) and applied as a 200-nl microdrop to the
SCN area of the slice or as a 1-h bath application
centered around the ZT time of administration
(relative to the animals’ previous light:dark cycle).
Microdrops were administered using a Hamilton 1-ul
syringe, at least 1 h after dissection, on the same day
as slice preparation. Drugs were warmed to 34.5°C
and applied at approximately ZT 6 or ZT 15.
Recordings were typically performed for 8-12 h
during ZT 0-12 or ZT 12-24 of the second or third
24 h in vitro. Several slices from both young and old
mice were monitored continuously for 48 h from ZT 0
of the first day in vitro. Slices with less than four cells
recorded during any 1-h period were not included in
analysis.

Drugs were all obtained within the UK. Glutamate,
NMDA, HA, 8-OH-DPAT, and muscimol, were all
obtained from Sigma Aldrich (Dorset), while GRP
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was obtained from Bachem (Saffron Waldon), and
NPY from Calbiochem (Nottingham).
Concentrations of drug applications were as
follows:
Neurochemicals that phase shift in a pattern similar
to light:

Glutamate 10*M microdrop (Biello et al. 1997a)

NMDA 10 uM microdrop (Soscia and Harrington
2004)

GRP 10”7 uM microdrop (McArthur et al.
2000)

HA 1 mm bath (Harrington et al. 2000)

Neurochemicals that phase shift in a pattern
similar to behavioural stimuli:

NPY 175 uMm microdrop (Biello et al.
1997a, b)

8-OH 10 uM microdrop (Guscott et al.

DPAT 2005)

Muscimol 10 um bath (Tominaga et al.
1994)

Data analysis Initially the average firing rate of each
cell recorded from one slice was plotted against the
ZT of the recording. Slices without significant differ-
ences across firing rate data grouped into 1-h (ZT)
bins (p<0.05; ANOVA) were not used for further
analysis. If there were significant differences, data
were smoothed by 1-h running means with a 15-min
lag. The time corresponding to the maximum of the
smoothed data was used as the time of the peak firing.
Phase shifts were measured relative to the average
time of peak firing of age appropriate control slices
treated with ACSF at either ZT 6 or ZT 15.
Significant differences between groups (p<0.05) were
determined by a one-way ANOVA followed by a
Tukey-Kramer post hoc test correcting for multiple
comparisons, or a f-test. Differences between treat-
ment conditions were determined within each age
group (comparing peak time in age appropriate
untreated slices with drug treatments), and then the
two age groups were analysed comparatively along
with data from microdrop treated slices [for example,
comparing four groups treated at ZT 6: (1) ACSF in
young mice at ZT 6, (2) young NPY at ZT 6, (3)
ACSF in older mice at ZT 6, (4) older NPY at ZT 6].
All results are reported as mean + standard error of
the mean (SEM).
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Results

Control slices Electrical activity in untreated, control
slices from younger mice and older mice both peaked
near the middle of the projected light phase on days two
and three following slice preparation (young: n=10,
mean peak (mp)=6.1+0.1; old: n=7, mp=5.9+0.2).
Peaks in slices that received applications of ACSF at
ZT 6 or 15 (ZT 6: young, n=5, mp=5.9+0.1; older,
n=3, mp=6.0%£0.1; ZT 15: young, n=6, mp=5.9+0.1;
older, n=4, mp=6.1%0.1) did not significantly differ
from those in untreated slices. While there was no
difference in peak times between untreated or ACSF-
treated slices taken from younger and older mice, there
was a significant difference in amplitude [#(33)=12.32,
p<0.001; see Fig. 1 and Table 1].

Neurochemicals that phase shift in a pattern
similar to light (see Fig. 2)

Glutamate A one-way ANOVA showed that applica-
tions of glutamate (10 >M) reset the peak rhythm in
firing rate with respect to ACSF-treated control slices
[F(3,20)=160.5, p<0.001]. Younger mice treated
early in the projected night (ZT 15), showed a delay
in the peak of the rhythm (n=8, mp=9.3+0.1). Post-
hoc Tukey’s tests showed that this same application of
glutamate in older mice did not produce as large
phase delays (n=6, mp=8.1+0.2; p<0.001).

NMDA Microdrop applications of NMDA (10 um) to
the SCN delayed the peak in firing rate [F(3,15)=
304.0, p<0.001]. Younger mice early in the projected
night (ZT 15), showed a delayed the peak in the
rhythm of the SCN (n=5, mp=10.1£0.1). Phase
delays to the same dose of NMDA in older mice
were less (n=4, mp=9.1%0.1; p<0.001).

GRP When GRP was administered as a microdrop, it
produced phase delays in the peak firing rate which
were different from control slices [F(3,19)=225.3,
p<0.001], but indistinguishable between younger
and older mice (young, ZT 8.0+£0.1 h, n=6; older,
ZT 7.8£0.1 h, n=7; p>0.05).

HA The 1 mM bath application of HA centred around
ZT 15 produced phase delays in both young and older
mice [F(3,19)=90.12, p<0.001]. Younger mice
delayed by almost 3 h (n=7, mp=8.8+0.1 h). When
older animals were treated in the same way they did
not show as great a delay (n=6, mp=7.5+£0.2 h, p<
0.001).

Neurochemicals that phase shift in a pattern
similar to behavioural stimuli (see Fig. 3)

NPY When treated with a microdrop of NPY during
the day at ZT 6 mouse SCN slices showed phase
advances in their peaks [F(3,22)=488.2, p<0.001].

= = = Older

Firing Rate (Hz)
[=} — [\e] (9%} E W N ~ o]
a

24 28 32 36 40

Time (h)

Fig. 1 Frequency of SCN cells firing rates represented by a
1-h running mean with a 15-min lag over time for two
individual slices recorded from a young (5 months) and older
(15 months) mouse. ZT 12 is defined as the time of lights off in
the animal’s previous light:dark cycle, so the above trace shows
data obtained from recordings over 32 h in vitro, and allows

44 48 52 56

visualisation of two peak times in both slices. As evident from
the representative traces shown here, there was no difference
between the mean peak times for untreated slices from young
and older mice, although there was a significant difference in
amplitude such that slices recorded from older mice showed
attenuated amplitude
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Table 1 Number and amplitude of all slices recorded within each condition. Phase shifts were determined relative to peak times of
control slices receiving applications of ACSF at either ZT 6 or 15

Treatment Young mice Older mice

n Mean amplitude (Hz)  Mean phase shift (h) »  Mean amplitude (Hz)  Mean phase shift (h)

Photic stimuli

Glutamate 8 5.9+0.2 -3.4+0.3 6 42+02 —2.0£0.2
NMDA 5 6.24+0.2 —4.2+0.2 4 45+0.2 -3.0£0.1
GRP 6 6.1+0.2 —2.1+£0.2 7  4.0+0.1 -1.84+0.2
HA 7 6.3+£0.2 -2.9+0.2 6 42+0.2 —1.4+0.2
Non-photic simtuli

NPY 8 6.3+0.2 2.3+0.2 8 4.5+0.2 2.6+0.2
SHT agonist 9 6.1+0.1 3.4+0.2 8 47403 1.4+0.3
GABA agonist 5.9+0.2 3.1£0.3 8  4.5+0.1 1.2+£0.2
Controls

Untreated 10 6.2+0.2 NA 4.6+0.3 NA
ACSF ZT 6 6.1+0.2 NA 4.5+£0.3 NA
ACSF ZT 15 6.1+0.1 NA 4.2+0.2 NA

Older mice still retained the ability to advance in
response to NPY application (young mice, n=8, mp=
3.6+0.1 h; older mice, n=8, mp=3.4+0.2) such that
Tukey’s test showed there was no significant differ-
ence between them (p>0.05).

* * *
: l U | l U I U
-3
Glut NMDA GRP HA

B Young [ Older

Fig. 2 Phase shifts of the pattern of SCN firing rates in young
(5 months) and older (15 months) mice to at ZT 14 to glutamate
(glut), NMDA, GRP and HA. These neurochemicals all phase
shift the firing rate of the suprachiasmatic nucleus in a photic
pattern, and show phase delays when applied early in the night
at ZT 15. Mean phase delays + the standard error of the mean.
Asterisks indicate significant differences between phase shifts
seen in young and older mice

-
|

Phase Shift (h)
N
1
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8-OH DPAT A one-way ANOVA showed that micro-
drop application of 8-OH-DPAT at ZT6 reset the
firing rate thythm both in young or older mice [F
(3,23)=62.97, p<0.001]. This administration robustly
advanced the young mouse SCN (n=9, mp=2.5+

il

NPY 5HT agonist

N w
| |

Phase Shift (h)
1

GABA agonist

I Young [ Older

Fig. 3 Phase shifts of the pattern of suprachiasmatic nucleus
firing rates in young (5 months) and older (15 months) mice to
at ZT 6 to neuropeptide Y (NPY), 8-OH-DPAT (serotonin
agonist) and muscimol (GABA agonist). These neurochemicals
all phase shift the firing rate of the suprachiasmatic nucleus in a
non-photic pattern, showing phase advances when applied in
the middle of the day at ZT 6. Mean phase delays + the
standard error of the mean. Asterisks indicate significant
differences between phase shifts seen in young and older mice
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0.2 h). Older mice reset significantly less to the
serotonin agonist (n=8, mp=4.6+0.2 h, p<0.001).

Muscimol When slices were treated at ZT 6 on day 1
in vitro with 10 um, the newly shifted peak showed a
phase advance [F(3,21)=34.5, p<0.001]. In younger
mice the peak occurred at 2.8+0.1 h (r=7). Older
mice reset significantly less to the GABA agonist
(n=8, mp=4.8+0.2 h, p<0.01).

Discussion

Earlier work has show disruption to a number of
circadian parameters in C57BL/6 mice with senes-
cence in vivo (Valentinuzzi et al. 1997). This is the
first report of changes to the phase shifting ability of
neurotransmitters within the mouse SCN in vitro with
age. It is in agreement with the previous literature,
which suggested that at least some of the age-related
changes seen in circadian timing and sleep in vivo
could be attributed to changes within the SCN itself.
Initially, Satinoff et al. (1993) showed that rhythms in
firing rate recorded from the aged rat SCN had lower
amplitude and were less organised than those
recorded from young rats. Later, Li and Satinoff
(1998) showed it was possible to improve circadian
rhythms in older rats with poor circadian rhythms by
implanting fetal SCN tissue into the third ventricle.
Our own work here takes this further, suggesting that
changes at the level of the SCN in older rodents
contribute to alterations in the response to some but
not all stimuli involved in synchronising the circadian
clock.

This is significant as it suggests that there is not a
general decline in pacemaker function with age, no
overall deterioration in the ability of clock cells to
synchronise successfully in order to affect a phase
shift. We see here that the resetting in response to a
number of stimuli in older mice is indistinguishable
from that seen in younger mice. This indicates that
while there is a general decrease seen in the amplitude
of the circadian rhythm in firing rate with age, the
pacemaker is still able to reset successfully to stimuli.
Further, as the ability to phase shift is maintained
through ageing to some agents which reset in both the
photic or the non-photic pattern, this suggests that
there is not a general breakdown of the physiological

or molecular mechanisms mediating one particular
pattern of resetting. Therefore, each transmitter
system must be investigated individually to under-
stand at what point in the signal transduction pathway,
and/or output systems there are disruptions.

Previous work has shown that hamsters and mice
show a decreased response to light pulses with age
(Zhang et al. 1996; Benloucif et al. 1997). Further, the
reduction in lens transmittance, the histological
appearance of the RHT projection or volume of
SCN they innervated could not account for these
changes (Zhang et al. 1998). Molecular work within
the SCN has indicated that aging significantly reduces
photic induction of c-fos mRNA or FOS protein in
mice, rats and hamsters (Zhang et al. 1996). In
addition, photic activation of cyclic-:AMP response
element binding protein (CREB) and induction of
Perl within the SCN are both reduced with age in
hamsters (Zhang et al. 1996; Kolker et al. 2003). Our
work suggests that these molecular changes seen in
response to photic stimuli with age may be due to
altered action of glutamate at the NMDA receptor
during senescence.

Phase resetting to HA was also decreased in mice.
There are age-related changes seen in HA receptor
mRNA levels in the mouse brain (Terao et al. 2004),
although this may not account for the changes we
observed as HA is thought to alter circadian rhythms
by actions on the NMDA receptor (Harrington et al.
2000). This would fit well with our other data
showing a decreased response to NMDA within the
aged mouse SCN in vitro. While HA appears to be
involved in the control of sleep and arousal, the role
of this transmitter in circadian timing is not well
understood. In addition to changes in circadian timing
with age, animals also show changes in sleep
parameters. Further investigations into the substrates
mediating the change in reponse to HA with age, may
inform our understanding of interactions between the
circadian timing mechanism and the factors control-
ling homeostatic sleep factors.

Photic stimulation increases FOS in GRP cells
within the ventral SCN in the rat (Earnest et al. 1993).
This suggests that these peptidergic cells may process
photic information, and participate in entrainment.
Although both phase shifts to light, and FOS
expression after photic stimulation is decreased within
the SCN with age, we saw no age-related decline in
the response to GRP. As phase shifts to GRP in the
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hamster are believed to require NMDA receptor
activation (Kallingal and Mintz 2006), this may be
evidence of a species difference in the mechanism of
action.

In addition to attenuating phase shifts to light in
older animals, resetting in response to some non-
photic stimuli have been shown to be decreased in
hamsters (Van Reeth et al. 1992; Penev et al. 1995;
Duncan and Deveraux 2000, but see Mrosovsky and
Biello 1994). Some of these signals are thought to be
mediated by NPY, and SCN content of this peptide is
decreased with age in rats (Sahu et al. 1998). Still,
NPY shifted the SCN of older mice as robustly as
shown in younger animals. This supports earlier
unpublished findings from administration of NPY in
vivo (Duncan unpublished, cited in Duncan and
Franklin 2007). Further, while phase shifts to NPY
in the rat and hamster may require actions at GABAa
receptors (Huhman et al. 1995; Gribkoff et al. 1998
but see Biello et al. 1997a, b) our work here would
suggest that resetting to NPY in the mouse may not,
as phase shifts to the GABAa agonist muscimol was
decreased with age, while phase shifts to NPY remain
unaltered. Phase shifts to NPY are thought to be
mediated by the Y2 receptor (Golombek et al. 1996;
Huhman et al. 1996), while attenuation of photic
stimuli by NPY are mediated by the Y5 receptor
(Gamble et al. 2005; Yannielli et al. 2004). Further
work should investigate changes in NPY receptor
expression with age in the SCN, and also if the
actions of NPY on phase shifts to photic stimuli
during the night change with age.

Older hamsters do not reset to serotonin agonists in
the same way as younger hamsters in vivo (Penev et
al. 1995), although it is possible this not mediated at
the level of the SCN (Duncan et al. 2004). Still, even
in hamsters there are actions of serotonin on the
circadian system mediated at the level of the SCN
(Weber et al. 1998), and serotonin agonists reset the
mouse SCN in vitro (Prosser 2003). The mechanism
by which serotonin agonists reset the circadian clock
in vitro is still unclear, and may involve the SHT,4,
S5HTsa and SHT; receptor subtypes (Sprouse et al.
2005; Guscott et al. 2005). The agonist 8-OH-DPAT
can act on both the SHT;, and SHT; subtype. While
age-related changes in response to serotonin agonists
have been reported, it is possible that this is not
mediated by changes in the SHT; 5 and SHT; receptor
subtypes within the SCN, as work has shown that
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there are no age-related changes in the expression of
mRNA for either the SHT;, or SHT; receptor with
age in the hamster SCN (Duncan et al. 1999; Duncan
and Franklin 2007). Further work should investigate
not only serotonin receptor numbers but also function
within the mouse SCN. In addition, basal levels of
serotonin receptor stimulation can determine the
ability of agonists to reset the SCN in vitro (Prosser
et al. 2006). While this would predict that reduced
endogenous serotonin signalling in the SCN in vitro
would result in larger phase shifts to exogenously
applied agonists, it may also suggest that processes
interfering with receptor internalisation or reinsertion
may be altered in the aged SCN.

We also saw age-related changes in the response to
GABA in the mouse SCN. This is important as
GABA is the main neurochemical used to mediate
synaptic transmission within the SCN (Moore and
Speh 1993; Buijs et al. 1994). Agonists of GABAa
receptors phase advance the in vitro SCN of hamsters
during the day (Tominaga et al. 1994). There is
evidence of age-related changes within the GABAer-
gic network of mice, such that the ventral area of the
SCN shows reduced GABA, spontaneous currents
(Nygard et al. 2005; Nygard and Palomba 20006).
While the expression of genes associated with the
expression of GABAergic transmission were not
altered with senescence, reductions were seen in
GABAergic presynaptic terminals of aged mice in
the SCN (Palomba et al. 2008). GABA is known to
play a part in the regulation of amplitude and the
synchronisation of neuronal firing rate activity within
the SCN (Aton et al. 2006). In addition, blocking
GABA in the SCN in vitro can disrupt coupling
between dorsal and ventral regions of the SCN (Albus
et al. 2005).

Our work supports other experimental studies
showing that the circadian system remains responsive
to some types of stimuli and not others in advanced
age. This has implications for both pharmacological
and behavioural interventions to improve synchroni-
sation in aged subjects. It may be possible to enhance
activity in an individual pathway in an attempt to
compensate for decreased activity in another. For
example, NPY and serotonin both participate in
synchronisation to non-photic stimuli and interact
with each other in the SCN (Prosser 1998). While the
resetting actions of serotonin are decreased with age,
those of NPY remain as in youth. Further, some
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transmitters may work in subtle combination to affect
synchronisation. For example resetting to glutamate
(thought to be the major transmitter mediating photic
phase shifts) can be attenuated by NPY (Biello et al.
1997a; Lall and Biello 2003), or behavioural inter-
ventions thought to rely on this transmitter system
(Ralph and Mrosovsky 1992). Therefore, while it is
still unclear how these transmitters participate in
entrainment, we would predict that altering the
relative contribution of each signal either behaviour-
ally or pharmacologically could be used to enhance
synchronisation in older animals.

In addition, this is the first report of the phase
shifting ability of several of these neurotransmitters in
younger mice. With the exception of NPY, NMDA
and DPAT which have shown to reset the mammalian
circadian clock of the mouse in a manner similar to
hamsters and/or rats (Guscott et al. 2005; Soscia and
Harrington 2004), the other transmitters have not been
shown to be effective as resetting agents within the
mouse SCN. Testing these agents in mice is particu-
larly important as much circadian work now takes
advantage of developed molecular tools only avail-
able in the mouse model.

The fact that each individual transmitter produces
similar phase shifts to those seen in hamsters, rats and
mice, reflects how well the circadian clock is
conserved across species. In addition, the similarities
in the timing and direction of the in vitro shift of so
many transmitters to their behavioural effects in vivo
shows that an in vitro model of circadian resetting can
be a useful initial step to establishing the second
messenger systems and intra-SCN communication
necessary for their mechanism of action.

Age-related disruptions in sleep in humans and
locomotor activity in non-human primates have been
well documented (Wu and Swaab 2007; Aujard et al.
2006). Recent data suggest that these disruptions are
due to weaker circadian regulation of sleep and
wakefulness rather than alterations in the homeostat-
ic mechanisms governing the sleep/wake cycle
(Cajochen et al. 2006). Our data suggest that at least
some of the observed disruption with age may be due
to alterations in the activity of neurotransmitters
crucial for synchronisation of the circadian clock.
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