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Abstract

Serotonin (5-HT) has been implicated in phase shifting of mammalian circadian rhythms by non-photic stimuli. This
study tests whether pharmacological induction of endogenous 5-HT release can shift circadian phase in the Syrian
hamster. Systemic injections of the 5-HT1A antagonist WAY100635 during the mid-subjective day signi®cantly increased
5-HT in dialysate from the hamster suprachiasmatic nucleus (SCN) circadian pacemaker by ,50% for 40±60 min.
However, this was not associated with phase shifts or with potentiation of phase shifts induced by a 3 h bout of running.
These results indicate that enhanced 5-HT release in the SCN or possibly other regions is not suf®cient to induce phase
shifts in the subjective day. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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Locomotor activity stimulated in the mid-subjective day

(rest phase) of hamsters can induce signi®cant phase

advance shifts of circadian rhythms [6]. The master pace-

maker controlling rhythmicity in mammals is located in the

suprachiasmatic nucleus (SCN). The SCN receive photic

input via a glutamatergic pathway from the retina, and are

thought to receive inputs relating to non-photic stimuli

(de®ned here as locomotor activity) via a neuropeptide Y

(NPY) pathway from the intergeniculate lea¯et (IGL) and

possibly also a serotonergic (5-HT) pathway from the

median raphe (MR) [20]. The body of evidence supporting

a role for NPY in non-photic phase resetting is internally

consistent. However, the case for 5-HT is mixed [19,20]. In

Syrian hamsters, extracellular 5-HT levels in the SCN

increase during spontaneous nocturnal activity and during

bouts of running stimulated by con®nement to a novel wheel

in the mid-subjective day [8]. At this circadian phase, small

phase advances can be induced in this species by systemic

injections of the 5-HT agonist 8-OH-DPAT [18] and by

electrical stimulation of the MR [17]. In the rat SCN slice,

5-HT agonists induce large phase advances via the 5-HT7

receptor, and similar shifts have also been reported follow-

ing intraventricular injections in vivo [10,19]. Microdrop

applications of 5-HT as brief as 5 min have proven effective

[14]. In mice, neurotoxic lesions that deplete SCN 5-HT

prevent entrainment of circadian rhythms to daily schedules

of forced or voluntary activity [13]. However, activity-

induced phase shifts in hamsters are not affected by 5-HT

lesions or receptor antagonists [2,6,16]. Moreover, 5-HT

agonists induce either very small [7] or no phase shifts

when applied directly to the hamster SCN in vivo [11,18].

The present study was designed to further assess the role

of 5-HT in the induction of non-photic phase shifts in the

Syrian hamster. The potent and selective 5-HT1A antagonist

WAY100635 [3] was used to increase endogenous 5-HT

release in the SCN of hamsters at rest or during 3 h of

running in a novel wheel. Changes in SCN 5-HT were

assessed in a separate group using in vivo microdialysis.

If 5-HT release within the SCN mediates non-photic phase

shifts, then WAY100635, at doses that raise endogenous

SCN 5-HT, should mimic these phase shifts and might

also potentiate activity-induced shifts.

Young adult male hamsters (80±100; 100±120 g for

cannulation experiments) were obtained from Charles

River, (Montreal, Quebec) or raised from breeding pairs

obtained from Harlan±Sprague±Dawley (Madison, IL).

For behavioral testing, animals were maintained in isolation

cabinets in plastic cages equipped with 17-cm running

wheels connected to an interface and microcomputer that

summed wheel revolutions in 10-min bins (Activity Count-

Neuroscience Letters 282 (2000) 97±100

0304-3940/00/$ - see front matter q 2000 Elsevier Science Ireland Ltd. All rights reserved.
PII: S0304-3940(00)00873-9

www.elsevier.com/locate/neulet

* Corresponding author. Tel.: 11-604-291-3462; fax: 11-604-
291-3427.

E-mail address: mistlber@sfu.ca (R.E. Mistlberger)



ing System, Simon Fraser University). Food and water were

available ad libitum under LD 14:10 (,50 lux:0 lux).

A modi®ed Aschoff type II design was used to test the

phase shifting properties of WAY100635 (Wyeth Ayerst) at

zeitgeber time (ZT) 5 or ZT8 (i.e. 7 or 4 h before normal

lights-out, where lights-out is designated ZT12, by conven-

tion). Animals were entrained to the LD cycle for 10 days

prior to each manipulation. On the test day, the drug or

vehicle control phosphate-buffered saline (PBS) was admi-

nistered at the appropriate phase after which the lights were

turned out for the next 3 full days. To quantify phase shifts,

activity onset (the ®rst 10-min bin with 50 counts following

4 h below this threshold) on the second full day of DD was

compared to the average onset during the last 5 days of LD.

Two sets of 12 animals were used to test doses of 0, 4.5,

and 10 mg/kg of WAY100635, one set for each of the two

phases tested. At ZT8, mean phase shifts (^SD) to these

doses were 18 ^ 18, 13 ^ 16 min and 16 ^ 15 min, respec-

tively (F2;21 � 0:295, P � 0:747). At ZT5, mean phase

shifts were 10 ^ 7, 9 ^ 9 and 16 ^ 15 min, respectively

(F2;21 � 1:163, P � 0:332; Fig. 1). In another set of 16

animals doses of 0.16 and 0.45 mg/kg also did not induce

signi®cant shifts (14 ^ 23 and 22 ^ 32 min, respectively;

P . 0:1 compared to PBS).

At ZT5, extracellular 5-HT levels in the SCN where

signi®cantly elevated for 20 min following the 4.5 mg/kg

dose (F3;16 � 41:9, P � 0:0001), and for 40 min following

the 10 mg/kg dose (F5;20 � 6:863, P � 0:0007; Fig. 2). In

some animals, baseline levels were not restored until after

60 min, post-injection.

Con®nement of hamsters to novel running wheels for 3 h

beginning at ZT5 induced phase advance shifts of 146 ^ 51

min. Pretreatment with WAY100635 at doses of 0.16, 0.45

and 4.5 mg/kg had no signi®cant effect on shift size

(F4;29 � 2:37, P . 0:05; Fig. 1D) or on the amount of

running (F4;29 � 2:07, P . 0:1). There was a trend for smal-

ler shifts and less activity in the drug conditions, but the

dose-response curve relating shift size to the amount of

running was not altered.
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Fig. 1. Wheel running activity of a representative hamster that
received i.p. injections at zt5 of (A) 10 mg/kg WAY100635 in PBS;
(B) PBS vehicle control, and (C) 4.5 mg/kg WAY100635 in PBS. In
these cases, constant darkness was initiated at the time of injec-
tion. (D) Wheel running activity of a representative hamster that
received an i.p. injection 4.5 mg/kg WAY100635 in PBS at ZT5.5
with constant darkness and a 3 h wheel con®nement both start-
ing at ZT6. Each line of the chart represents 24 h, plotted in 10
min bins from left to right. Vertical de¯ections on each line indi-
cate bins during which wheel counts were registered. Lights-out
is indicated by shading.

Fig. 2. Mean levels (^SEM) of extracellular 5-HT in the region of
the SCN after treatment with WAY100635 at doses of 4.5 mg/kg
or 10 mg/kg as assessed by microdialysis. Levels are expressed
as % of baseline, which was assessed during the hour prior to
administration of WAY100635 (i.e. during bins 1±3). **above the
plot � P , 0:01 compared to baseline for the dose of 4.5 mg/kg.
**below the plot� P , 0:01 compared to baseline for the dose of
10 mg/kg. *below the plot � P , 0:05 compared to baseline for
the dose of 10 mg/kg.



Wheel-running activity during the mid-subjective day in

hamsters is associated with a signi®cant (,35%) increase in

5-HT levels in the SCN [8], and with large phase advances

in the circadian rhythm of locomotor activity (e.g. [2,4±

6,16,19]). 5-HT agonists can also induce phase advance

shifts, both in vivo and in vitro, suggesting that phase shifts

to locomotor activity may be mediated by endogenous 5-HT

release in the SCN. The results of the present study,

however, do not support this hypothesis. At doses of 4.5

and 10.0 mg/kg, WAY100635 increased endogenous 5-HT

in the SCN for 40 min (and in some individuals for 60 min),

presumably by blocking inhibitory raphe 5-HT1A autorecep-

tors [3]. However, the drug, tested over a wide range of

doses at two circadian phases, did not induce phase shifts.

In addition, the drug did not potentiate or inhibit the phase

shift response to running in a novel cage. Neither the mean

shift nor the dose-response relation between shifting and

activity level were altered by pretreatment with

WAY100635. These results indicate that, at least in Syrian

hamsters, endogenous serotonergic activity within the SCN

in the mid-subjective day is not suf®cient to alter circadian

phase and likely does not mediate phase shifts induced by

wheel running.

One interpretation of these results is that while

WAY100635 may induce signi®cant 5-HT release in the

SCN pacemaker, it may also block post-synaptic receptors

in the SCN that are necessary for phase shifting. However,

this is considered unlikely, because WAY100635 has a

high speci®city for 5-HT1A receptors, and other antagonists

of 5-HT1A do not block 5-HT-induced phase shifts in vitro

[3,12]. The critical receptor for serotonergic circadian

phase advancing is thought to be the 5-HT7 subtype [12].

Another interpretation of these results is that SCN 5-HT

release in response to WAY100635 was inadequate in

magnitude and/or duration to induce phase shifting.

However, the magnitude of the increase in SCN 5-HT

induced by the two highest doses was comparable to the

magnitude of 5-HT release during electrical stimulation of

the median raphe [9] and during running in a novel wheel

[8]. Sixty-min bouts of these stimuli in the mid-subjective

day are suf®cient to induce signi®cant phase shifts [5,17],

and large shifts can be induced in vitro by bath applications

of 5-HT as short as 5 min [15]. Thus, both the magnitude

and the duration of 5-HT release in the SCN either matches

or exceeds the parameters of 5-HT release associated with

complex non-photic stimuli (running or electrical stimula-

tion) that do produce phase shifts.

The data reported here are compatible with the results of

two previous studies showing that intra-SCN microinjec-

tions of the 5HT1A/7 agonist 8-OH-DPAT in the mid-

subjective day do not induce signi®cant phase shifts of

hamster rhythms in vivo [11,18]. In one of those studies,

the biological activity of 8-OH-DPAT and the accuracy of

the cannula placements were con®rmed by demonstrating

that phase shifts to light pulses in the subjective night

could be attenuated by injections of 8-OH-DPAT through

the same cannulaes that were used to assess the phase

shifting effects of the drug in the subjective day [11].

8-OH-DPAT and 5-HT applied to SCN slices in the mid-

subjective day in vitro typically induce very large, activity-

like phase advances in the peak of the circadian rhythm of

SCN neuronal ®ring rate [21]. This discrepancy between

the results of in vivo and in vitro studies may re¯ect 5-HT

supersensitivity in the slice preparation, caused by loss of

5-HT afferents to the SCN. Our preliminary evidence indi-

cates that phase shifts to intra-SCN 8-OH-DPAT are larger

in animals pretreated with p-CPA to induce 5-HT receptor

supersensitivity in vivo [11].

There is one report that microinjections of 8-OH-DPAT

to the SCN of hamsters in the mid-subjective day can induce

signi®cant phase advance shifts in vivo [7]. However, these

shifts were only about 1/10 the size of shifts induced by

8-OH-DPAT pulses in vitro [21]. The use of bilateral, as

opposed to unilateral, injection procedures does not likely

explain the different results across in vivo studies, because

unilateral microinjections of 8-OH-DPAT in vivo diffuse

throughout both SCN bilaterally within 10 min [22].

Regardless of the different statistical outcomes of the in

vivo studies, the combined results highlight the differential

sensitivity of the SCN pacemaker to serotonergic stimuli in

vivo and in vitro. Species difference may also contribute to

these discrepancies, as most of the in vivo work has utilized

Syrian hamsters, while in vitro work has used rat SCN tissue

slices.

The failure of WAY100635 to induce phase shifts despite

stimulating SCN 5-HT release has implications for inter-

preting the mechanism by which electrical stimulation of

the MR induces phase advance shifts in the subjective

day. The MR is the sole source of 5-HT input to the SCN

in Syrian hamsters. However, at least 50% of the MR path-

way is non-serotonergic. Electrical stimulation presumably

activates the entire pathway, and the present results suggest

that non-serotonergic ®bers (e.g. g -aminobutyric acid

containing) may mediate phase shifting, either by direct

actions on the SCN, or by modulating other inputs to the

SCN. This is consonant with evidence that loss of non-sero-

tonergic cells may account for some of the effects of MR

ablation on circadian rhythms in hamsters [15].

Systemic 8-OH-DPAT may also induce phase shifts by

modulating non-serotonergic inputs to the SCN. 8-OH-

DPAT activates raphe somatodendritic autoreceptors, and

thereby inhibits MR and dorsal raphe (DR) 5-HT neuronal

activity [3]. If the DR inhibits the IGL, then 8-OH-DPAT

would disinhibit IGL neurons and increase the release of

NPY in the SCN, as proposed by Mintz et al. [18]. This

NPY pathway has been strongly implicated as necessary

for non-photic shifting in hamsters [1,4]. The results of

the present study demonstrate that if IGL disinhibition is

the route by which systemic 8-OH-DPAT induces phase

shifts in hamsters, then the relevant 5-HT receptor in the

IGL cannot be of the 5-HT1A subtype, because WAY100635

blocks this receptor. If tonic IGL inhibition was mediated by
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this receptor, then WAY100635 alone should induce a non-

photic type phase shift by transiently releasing these cells

from serotonergic inhibition.

In closing, systemic administration of the selective 5-HT1a

antagonist WAY100635 signi®cantly raises SCN 5-HT

levels, but alters neither circadian phase nor the phase-shift-

ing effect of scheduled wheel running. If a prolonged eleva-

tion of 5-HT is necessary to evoke phase shifts, then

WAY100635 is of limited utility, because its effects on

5-HT release, at even high doses, do not exceed 40±60

min. Finally, the recently-reported phase-shifting effects of

raphe nucleus electrical stimulation [17] may not be entirely,

or at all, dependent upon 5-HT release alone, because

although brief raphe stimulation and WAY100635 have

comparable effects on SCN 5-HT, the latter treatment does

not induce phase shifts.
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