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Abstract
5-HT7 receptors in the dorsal raphe nucleus (DRN) influence circadian rhythms, sleep, and
serotonin release. Because interactions between 5-HT7 receptors and glutamatergic and
GABAergic neurons have been demonstrated previously, the current studies tested the hypothesis
that GABAergic and/or glutamatergic neurons mediate phase shifts induced by activation of DRN
5-HT7 receptors. Hamsters were fitted with guide cannulae aimed at the DRN, housed in cages
with running wheels, and exposed to 14 h light (L):10 h dark (D). In Experiment 1, hamsters
received DRN pretreatment with muscimol (87.6 picomoles) or vehicle before DRN 8-OH-DPAT
(6 picomoles) microinjections at ZT6. After exposure to constant darkness (10 days), phase shifts
were calculated and animals were re-exposed to 14L:10D. The procedure was repeated to give
each animal the alternate pretreatment. In Experiment 2, hamsters received DRN pretreatment
with NMDA (20 picomoles) or vehicle before 8-OH-DPAT at ZT 6. Other experiments tested the
effects of single DRN microinjections of muscimol, bicuculline (136 picomoles), NMDA,
MK-801 (10 picomoles) or vehicle. Phase shifts (mean±S.E.M., h) in muscimol/8-OH-DPAT-
microinjected hamsters (1.02±0.30) were not different (P=0.11) from those in vehicle/8-OH-
DPAT-microinjected hamsters (1.34±0.30), while those in NMDA/8-OH-DPAT-microinjected
hamsters (0.67±0.17) were smaller (P<0.05) than those in vehicle/8-OH-DPAT-microinjected
hamsters (0.97±0.10). DRN single microinjections of bicuculline, but not muscimol, NMDA, or
MK-801 induced phase advances. Bicuculline also potentiated 8-OH-DPAT-induced phase
advances (P<0.05). These finding suggest that the mechanism mediating DRN 5-HT7 receptor
induction of phase advances involves decreased glutamatergic neurotransmission, and
furthermore, that inhibition of DRN GABAergic neurotransmission causes a phase advance.
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1. Introduction
The 5-HT7 receptors in the central nervous system modulate a range of physiological and
cognitive functions, including circadian timekeeping, paradoxical (rapid eye movement
[REM]) sleep, thermoregulation, memory, and affective state (Bonaventure et al., 2007;
Duncan et al., 2004; Ehlen et al., 2001; Guscott et al., 2005; Hedlund et al., 2003; Monti and
Jantos, 2006; Roberts et al., 2004a; Thomas et al., 2003). Electrophysiological studies have
shown that activation of 5-HT7 receptors can either potentiate neuronal excitability (e.g., in
the hippocampus and thalamus) (Bacon and Beck, 2000; Tokarski et al., 2003; Tokarski et
al., 2005) or attenuate the responsiveness to excitatory stimuli (e.g., in the hypothalamic
suprachiasmatic nucleus (SCN), the site of the master mammalian circadian pacemaker)
(Bacon and Beck, 2000; Quintero and McMahon, 1999; Smith et al., 2001). Although the
highest densities of 5-HT7 receptor expression have been detected in hypothalamic, thalamic
and limbic regions, studies in rodents and humans have revealed that these receptors are also
present, albeit at lower levels, in the dorsal raphe nucleus (DRN) (Duncan and Franklin,
2007; To et al., 1995; Varnas et al., 2004), a major site of serotonergic neurons that
innervate the forebrain (Jacobs and Azmitia, 1992; Molliver, 1987). Within the DRN, 5-HT7
receptors regulate serotonin release, REM sleep, and circadian rhythms (Duncan et al., 2004;
Monti and Jantos, 2006; Roberts et al., 2004b).

We have previously demonstrated that activation of DRN 5-HT7 receptors alters the phase
of circadian locomotor rhythms (Duncan et al., 2004; Duncan and Davis, 2005). For
example, local microinjection of 5-HT1A/7 receptor agonists, e.g., (±)-8-hydroxy-2-
dipropylaminotetralin hydrobromide (8-OH-DPAT) or 5-carboxyimidotryptamine (5-CT), to
the hamster DRN during the mid-subjective day induces advances of the circadian
locomotor activity rhythm (Duncan et al., 2004; Mintz et al., 1997). This treatment mimics
the circadian phase shifting effects of electrical stimulation of the DRN (Meyer-Bernstein
and Morin, 1999) and other nonphotic stimuli such as systemic administration of
serotonergic drugs or benzodiazepines, and behavioral conditions, including presentation of
a novel wheel or sleep deprivation (Antle and Mistlberger, 2000; Turek and Losee-Olson,
1986; Van Reeth et al., 1994). The 5-HT7 receptors mediate the phase advances induced by
DRN microinjection of serotonergic drugs because these phase advances can be blocked by
DRN co-administration of the selective 5-HT7 receptor antagonist SB-269970 (at doses as
low as 50 nanomolar) or by RP-cAMP, an antagonist to cyclic AMP, which is the
intracellular second messenger to which 5-HT7 receptors are positively coupled (Bard et al.,
1993; Duncan et al., 2004; Duncan and Davis, 2005; Plassat et al., 1993; Ruat et al., 1993).
DRN microinjections of 8-bromo-cAMP also induce circadian phase advances (Duncan and
Davis, 2005). Furthermore, DRN microinjection of another 5-HT7 receptor antagonist,
DR4004, attenuates phase advances stimulated by presentation of a novel running wheel
(Glass et al., 2003). Thus, activation of DRN 5-HT7 receptors is sufficient to induce
nonphotic phase shifts, and these receptors are necessary for at least one type of
nonphotically-induced phase shift.

In contrast to the identification of cAMP as the intracellular signal linked to 5-HT7 receptor
activation, the neural mechanisms mediating the effect of DRN 5-HT7 receptor activation on
circadian phase shifts or other functions are not well understood. A role for GABA neurons
is suggested by findings that the activation of DRN GABA-A receptors attenuates novel
wheel induced phase shifts (Glass et al., 2003). Also, changes in either GABAergic or
glutamatergic neurotransmission have been reported to mediate the effect of 5-HT7 receptor
activation on serotonin release in the DRN in vitro (Harsing et al., 2004; Roberts et al.,
2004b). Therefore, we tested the hypotheses that circadian phase shifts induced by activation
of DRN 5-HT7 receptors are mediated by 1) GABAergic neurotransmission or 2)
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glutamatergic neurotransmission. We also investigated whether alterations in GABAergic or
glutamatergic neurotransmission alone would alter circadian phase.

2. Results
General results

There was variability among the experiments in the mean phase shifting effects of vehicle
(ranging from 0.57 h [Expt. 1b & 2b] to 0.88 h [Expt. 2c] ) or 8-OH-DPAT (ranging from
0.97 h [Expt. 1c] to 1.34 h [Expt. 1a]). Based on the within-subjects, randomized order
design, the data from each experiment were analyzed using a paired t-test to identify
significant drug effects. Acute behavioral effects of the drug administration were observed
in a few cases, as noted for individual experiments.

Investigations of the role of GABA neurotransmission on phase shifts induced by DRN
microinjection of 8-OH-DPAT

Extp. 1a—DRN microinjection of 8-OH-DPAT (6 picomoles) at zeitgeber time 6 (ZT 6,
i.e., 6 hours before normal time of lights-off) induced robust phase advances (∼ 1.3 h on
average) as reported previously (Duncan et al., 2004; Duncan and Davis, 2005), that were
not significantly affected by pretreatment of the DRN with the GABA-A receptor agonist, 5-
aminomethyl-3-hydroxyisoaxozole (muscimol, 87.6 picomoles) (P=0.110) (Figure 1).

Expt. 1b—Phase shifts induced by DRN microinjection of muscimol alone were not
significantly different from those induce by vehicle alone (Mean±S.E.M., muscimol:
0.41±0.29 h; vehicle: 0.85±0.20 h; P=0.14).

Expt. 1c—DRN microinjections of the GABA-A receptor antagonist, R-(R*S*)-5–6-(6,8-
dihydro-8-oxofuro[3,4,e-]-1,3-benxodioxol-6-yl)-5,6,7,8-tetrahydro-6,6-dimethyl-1,3-
dioxolo[4,5-g]isoqinolinium chloride, (bicuculline, 136 picomoles) induced phase advances
that were nearly twice as large as those induced by vehicle (P<0.05) (Figure 2). Five of the
nine hamsters that received a microinjection of bicuculline exhibited immediate behavioral
effects, e.g., vocalization, running around the cage, and jumping, that lasted for up to ten
minutes, but their phase shifts were not different from those of the other four bicuculline-
injected hamsters (phase shifts [h]: behavioral expression, 0.87±0.32 [N=5]; no behavioral
expression, 1.16±0.39 [N=4]; P=0.293).

Expt. 1d—DRN microinjections of bicuculline mixed with 8-OH-DPAT induced phase
shifts that were significantly larger than those induced by 8-OH-DPAT administered alone
(p<0.05, Figure 3). Of the animals that received the bicuculline and 8-OH-DPAT co-
injection, almost half exhibited behavioral activation similar to that observed in Expt. 1c, but
had phase shifts of similar magnitude to those not showing activation (phase shifts [h]:
behavioral expression, 1.42±0.51 [N=3]; no behavioral expression, 1.67±0.59 [N=4];
P=0.336).

Investigations of the role of glutamatergic neurotransmission on phase shifts induced by
DRN microinjection of 8-OH-DPAT

Expt. 2a—Pretreatment of the DRN with N-methyl-D-aspartic acid (NMDA, 20
picomoles) decreased the magnitude of 8-OH-DPAT-induced phase shifts by ∼ 29%
(P<0.05) (Figure 4).

Expt. 2b—Microinjections of NMDA alone had no significant effect as compared with
vehicle (NMDA: 0.76±0.17 h; Veh: 0.57±0.21 h, N=5, P=0.122).
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Expt. 2c—Microinjections of the NMDA glutamate receptor antagonist, (5S,10R)-(+)-5-
Methyl-10,11-dihydro-5H–dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801, 10
picomoles) induced phase shifts (1.15±0.20 h, N=17) that were not significantly different
from those observed after vehicle microinjections (0.88±0.14 h, N=17; P=0.103) (Figure 5).
It is possible that the large vehicle-induced phase shift may have hampered detection of a
significant effect of MK-801.

3. Discussion
5-HT7 receptors in the DRN have been shown to modulate several functions, including
serotonin release, REM sleep, and circadian rhythms (Duncan et al., 2004; Glass et al.,
2003; Monti and Jantos, 2006; Roberts et al., 2004b). For example, previous studies have
shown that activation of 5-HT7 receptors in the DRN is sufficient for induction of circadian
phase advances in the mid-day (Duncan et al., 2004; Duncan and Davis, 2005), and
necessary for induction of these phase advances by at least one nonphotic stimulus, running
on a novel wheel (Glass et al., 2003). In order to elucidate the neural mechanisms
underlying DRN 5-HT7 receptor-dependent circadian phase advances, the current studies
tested the hypotheses these phase advances are mediated by: 1) GABAergic
neurotransmission or 2) glutamatergic neurotransmission. The findings lend support to the
second but not the first hypothesis, and also suggest that GABAergic neurotransmission may
affect circadian phase in a manner independent of 5-HT7 receptor activation.

This finding is consistent with previous reports that 5-HT7 receptor activation decreases
glutamate release (Harsing et al., 2004) (Harsing, 2006). As shown in the rat DRN in vitro,
administration of the 5-HT1A/1B/7 agonist, 5-carboximidotryptamine (5-CT), inhibits
electrically-evoked release of [3H]serotonin and [3H]glutamate (Harsing et al., 2004;
Harsing, 2006). Simultaneous administration of the 5-HT7 receptor-selective antagonist,
SB-258729, blocks these inhibitory effects of 5-CT (Harsing et al., 2004; Harsing, 2006).
Furthermore, the inhibition of [3H]serotonin release by 5-CT (in the presence of antagonists
to the 5-HT1A and 5-HT1B receptors) was blocked by tetrodotoxin, suggesting that this
effect requires sodium-dependent action potentials, and therefore, that the 5-HT7 receptors
mediating this effect are not located on serotonin neurons (Harsing et al., 2004). Also, co-
administation of MK-801, an antagonist of NMDA-type glutamate receptors, attenuates the
inhibition of [3H]serotonin release by 5-CT (Harsing et al., 2004). Based on these findings,
Harsing and colleagues suggested that activation of 5-HT7 receptors on glutamatergic
terminals in the rat DRN attenuates glutamate release, leading to decreased serotonin release
(Harsing et al., 2004). In the current studies, although NMDA administration in the DRN
attenuated the 8-OH-DPAT-induced phase shift, DRN administration of MK-801 alone was
not sufficient to stimulate a phase advance. It is possible that the unexpected and unusually
large vehicle-induced phase shift in this experiment may have hindered detection of a
specific effect of MK-801. Alternatively, induction of phase advances may require not only
blockade of NMDA receptors, but also some other event(s).

Attenuation of glutamatergic neurotransmission by 5-HT7 receptors has been demonstrated
not only in the DRN, but also in the SCN in vitro. For example, activation of 5-HT7
receptors reduces the amplitude of optic nerve-evoked glutamatergic excitatory postsynaptic
potentials in the mouse SCN and inhibits glutamate-induced increases in intracellular Ca2+

levels in dissociated rat SCN neurons, suggesting modulation of photic input to the SCN
(Quintero and McMahon, 1999; Smith et al., 2001). 5-HT7 receptor-induced attenuation of
glutamatergic neurotransmission in the SCN also modulates nonphotic phase shifts.
Activation of glutamate receptors with either NMDA or AMPA blocks 8-OH-DPAT-
induced phase shifts of the SCN electrical activity rhythms in vitro (Prosser, 2001). In
contrast to these findings that 5-HT7 receptors reduce glutamatergic excitatory
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neurotransmission in the DRN and SCN, other reports indicate that 5-HT7 receptors
potentiate neuronal firing in some brain regions. For example, activation of 5-HT7 receptors
induces depolarization in the thalamic anterodorsal nucleus and decreases the slow
afterhyperpolarization potential and increases bursting frequency in the rat hippocampal
CA1 andCA3 subfields (Bacon and Beck, 2000; Chapin and Andrade, 2001; Tokarski et al.,
2003; Tokarski et al., 2005). The various effects of 5-HT7 receptor activation may depend
on their neuroanatomical location, including the neurochemical phenotype of the cells with
which they are associated or the subcellular locus of the receptors.

A role for GABA neurons in mediating the effects of 5-HT7 receptor activation has been
suggested both by studies of serotonin release from the DRN in vitro and studies of
circadian phase shifts in vivo. For example, in a study of the guinea pig DRN in vitro, the 5-
HT7 receptor selective antagonist, SB-269970, inhibited electrically-evoked serotonin
efflux; this effect was blocked by co-administration of the GABA-A receptor antagonist,
bicuculline (Roberts et al., 2004b). This report suggested that tonic activation of 5-HT7
receptors on GABA neurons in the DRN inhibits GABA release, thus disinhibiting serotonin
release (Roberts et al., 2004b). Participation of DRN GABA-A receptors in circadian phase
shifts has been demonstrated by findings that microinjection of the GABA-A receptor
agonist, muscimol, in the hamster DRN attenuates novel wheel-induced circadian phase
shifts (Glass et al., 2003). Our studies showed that pretreatment of the DRN with the same
dose of muscimol that blocks novel wheel-induced phase shifts (Glass et al., 2003), does not
attenuate phase shifts induced by DRN microinjections of 8-OH-DPAT. This finding
suggests that the phase shifts induced by DRN 5-HT7 receptor activation, unlike those
induced by access to a novel wheel, may not depend on decreased GABAergic
neurotransmission within the DRN. However, an alternative interpretation would be that
pretreatment with muscimol led to GABA-A receptor down regulation or desensitization,
such that GABA-A-ergic signaling was no longer effective when 8-OH-DPAT
microinjections occurred fifteen minutes later.

In contrast to the lack of effect of the GABA-A receptor agonist, mid-day blockade of DRN
GABA-A receptors by local administration of bicuculline is sufficient to induce circadian
phase advances and to potentiate 8-OH-DPAT-induced phase advances. The phase shifting
effects of DRN bicuculline administration may be caused by serotonin release in the SCN,
which increases greatly in response to this treatment (Glass et al., 2003). Microdialysis of
serotonin in the SCN during the midsubjective day induces circadian phase advances (Ehlen
et al., 2001). Another possible mechanism that might be related to bicuculline induction of
phase shifts was the intense behavioral arousal that sometimes accompanied this treatment,
reminiscent of the report of hyperactivity in rats following DRN infusion of bicuculline (Tao
and Auerbach, 2003). Interestingly, many phase shift-inducing nonphotic signals stimulate
locomotor activity (e.g., novel wheels and Triazolam injections) or alertness/arousal (e.g.,
sleep deprivation), and in some cases, the resultant phase shift appears to depends on the
expression of locomotor activity (Mistlberger et al., 2003; Van Reeth and Turek, 1989).
However, in the present study, the magnitude of bicuculline-induced phase shifts was not
associated with the expression of intense behavioral activation. This finding is similar to the
report that DRN drug treatments (i.e., muscimol and the 5-HT7 receptor antagonist, DR
4004) that attenuate novel wheel-induced phase advances do not decrease the number of
wheel revolutions, indicating that the phase shifts were not directly related to the amount of
running (Glass et al., 2003).

The current findings concerning the phase shifting effects of DRN 5-HT7 receptor activation
and GABA-A receptor antagonism can be considered as extensions and modifications of a
model designed to describe serotonergic signaling from the raphe nuclei to the SCN (Glass
et al., 2003) (see Figure 6). That model proposed that behavioral input such as novel wheel
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running or sleep deprivation, occurring during the midsubjective day, stimulates serotonin
release in the SCN due to inhibition of DRN GABAergic neurons. Reduction of DRN
GABAergic tone disinhibits DRN serotonin neurons projecting either to the intergeniculate
leaflet of the thalamus (IGL) or to the median raphe nucleus (MRN). Many studies have
elucidated the roles of the IGL and MRN in conveying nonphotic signals to the SCN and the
findings are summarized briefly as follows: Lesions of the IGL prevent phase shifts induced
by a novel wheel or other nonphotic stimuli, demonstrating that the IGL is necessary for
these nonphotically induced phase shifts (Janik and Mrosovsky, 1994; Schuhler et al., 1999;
Wickland and Turek, 1994). Novel wheel running stimulates serotonin release in the IGL
and NPY release in the SCN, and the latter is blocked by microdialysis of the IGL with
muscimol or metergoline, a serotonergic antagonist (Glass et al., 2010; Grossman et al,
2003). Furthermore, SCN microinjection of NPY, the major neurotransmitter identified in
IGL neurons projecting to the SCN, induces nonphotic phase shifts (Huhman and Albers,
1994). Concerning the MRN, electrical stimulation of this nucleus induces nonphotic phase
shifts and serotonin release in the SCN (Glass et al., 2003; Meyer-Bernstein and Morin,
1999). Microdialysis of the MRN with metergoline or muscimol inhibits serotonin release in
the SCN in response to electrical stimulation of the DRN (Glass et al., 2003). Thus,
disihibition of DRN serotonin neurons innervating the MRN and IGL is a mechanism by
which activation of 5-HT7 receptors in the DRN may mediate nonphotic circadian phase
shifts.

Our present findings are consistent with this model. First of all, DRN administration of
bicuculline induced a phase advance, as would be expected by its blockade of GABAA
receptors and disinhibition of DRN serotonergic neurons. DRN microinjection of 8-OH-
DPAT induced a phase advance, presumably by activating post-synaptic 5-HT7 receptors,
located either on DRN GABAergic neurons projecting to the MRN, as previously suggested
(Glass et al., 2003), or on glutamate neurons, thereby inhibiting glutamate release and
decreasing tonic DRN GABAergic activity (Harsing et al., 2004; Harsing, 2006).
Attenuation of the DRN 8-OH-DPAT-induced phase shift by DRN NMDA microinjection
supports a role for attenuation of glutamate neurotransmission in these phase shifts.
Pretreatment of the DRN with muscimol would overcome the disinhibition of DRN
serotonergic neurons innervating the IGL brought about by DRN 8-OH-DPAT
microinjection, but not the disihibition of MRN serotonergic neurons. This might explain
why phase shifts induced by DRN 8-OH-DPAT microinjections were not attenuated by
DRN muscimol administration.

As noted above, DRN 5-HT7 receptors not only influence the circadian pacemaker, but also
regulate REM sleep and serotonin release in the DRN (Harsing et al., 2004; Harsing, 2006;
Monti and Jantos, 2006). In view of these functions, it is important to note that 5-HT7
receptors in the DRN participate in a complex system of reciprocal interactions among
serotonin neurons, glutamatergic axon terminals, GABAergic interneurons, and GABAergic
axon terminals arising from other brain regions (Harsing et al., 2004; Harsing, 2006). Based
on studies in rats, the glutamatergic innervations to the DRN arise mainly from the medial
prefrontal cortex, the hypothalamic perifornical, lateral, and arcuate nuclei, and several
medullary regions including the lateral and medial parabrachial nuclei, and the laterodorsal
tegmental nucleus (Lee et al., 2003). Glutamate has an excitatory effect in the DRN. For
example, reverse microdialysis studies of the rat DRN showed that administration of NMDA
increases DRN extracellular serotonin levels (Tao and Auerbach, 1996), and that glutamate
leads initially to increased DRN extracellular serotonin levels and then later to decreased
levels (below baseline) for several hours (Mokler et al., 2009). As mentioned above, studies
of the rat DRN in vitro have shown that activation of 5-HT7 receptors inhibits electrically-
stimulated release of [3H]glutamate as well as [3H]serotonin (Harsing et al., 2004; Harsing,
2006). Conversely, activation of glutamate receptors with NMDA or AMPA stimulates
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release of both [3H]serotonin and [3H]GABA (Harsing et al., 2004; Harsing, 2006).
Activation of GABA-A receptors or activation of presynaptic 5-HT1B/1D receptors inhibits
electrically-stimulated [3H]serotonin and [3H]GABA release (Harsing, 2006). Therefore,
drug treatments in the DRN are likely to alter a network of neural pathways affecting a
variety of physiological processes and behaviors.

4. Conclusions
The present findings demonstrate that pretreatment of the DRN with NMDA but not
muscimol attenuates the phase shifting effect of DRN microinjection of 8-OH-DPAT,
previously shown to be mediated by 5-HT7 receptors (Duncan et al., 2004; Duncan and
Davis, 2005). Thus, these findings suggest that the decreased glutamate release induced by
activation of DRN 5-HT7 receptors, reported previously (Harsing et al., 2004; Harsing,
2006), plays a role in an overt biological response, i.e., resetting of the master circadian
pacemaker by activation of DRN 5-HT7 receptors. Although attenuation of GABAergic
neurotransmission within the DRN does not appear to be necessary for circadian phase
advances induced by activation of DRN 5-HT7 receptors, blockade of DRN GABAA
receptors with bicuculline is sufficient to induce a phase advance or to increase the
magnitude of phase shifts induced by 8-OH-DPAT. These findings further describe the
neural mechanisms within the midbrain raphe leading to nonphotic resetting of the master
circadian pacemaker and may also help to elucidate the mechanisms mediating other
physiological effects induced by activation of 5-HT7 receptors in the DRN.

5. Experimental Procedures
5.1 Animals, housing conditions, and surgical procedures

These studies used adult male Syrian hamsters (Mesocricetus auratus), 3–5 months old,
obtained from Harlan labs (Harlan, HsdHan:AURA). The hamsters were housed
individually in polycarbonate cages with rodent chow and water available continuously.
Prior to experimentation, all hamsters were exposed to a 14 h light:10 h dark (14L:10D)
photoperiod, with average light intensity of ∼ 250 lux, for at least 10 days. During
experiments, the hamsters were exposed to either 14L:10D or constant darkness, as
described below. The experimental procedures described below were approved by the
Institutional Animal Care and Use Committees at the University of Kentucky and were
consistent with AAALAC guidelines. Hamsters were deeply anesthetized with pentobarbital
(∼95 mg/kg, i.p.) and fitted with indwelling guide cannulae targeting the DRN, using
stereotaxic surgery under aseptic conditions, as we have described previously (Duncan et al.,
2004; Duncan and Davis, 2005). The stereotaxic surgery, which was conducted with lamda
and bregma level and the guide cannula at a 20° angle from the midline, used the following
coordinates, from bregma: A–P= −4.2 mm, M–L= +1.9 mm, and D–V= −5 mm. The
analgesic, meloxicam (0.1 ml, orally) was administered immediately before surgery and
again 24 h later. After recovery from surgery, the hamsters were individually housed in
cages equipped with running wheels electronically interfaced with a computer, such that
circadian activity rhythms were monitored continuously using Chronobiology kit.

5.2 Investigations of the role of GABA neurotransmission on phase shifts induced by DRN
microinjection of 8-OH-DPAT

After baseline activity recordings during exposure to a light:dark cycle for ∼7–10 days, the
hamsters were given DRN microinjections of drugs or vehicle solutions at Zeitgeber time
(ZT) 6, i.e., six hours before the normal time of lights off, which is considered ZT 12 by
convention) or fifteen minutes earlier (as described below for each experiment). The
microinjections for this experiment and all others consisted of a 200 nl volume administered
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at a rate of ∼ 50 nl/30 seconds. Immediately after microinjections, the animals were
transferred to constant darkness for 10–14 days. The circadian phase shifts were calculated
by linear regression analysis using Chronobiology Kit software. The hamsters were then re-
entrained to the light:dark cycle for at least a week. The procedure was repeated such that
hamsters in each group received the treatment originally administered to the other group. At
the end of the study, the hamsters were anesthetized and diluted India ink was microinjected.
The hamsters were euthanized by decapitation and the brains were dissected from the skulls
and prepared for histological verification of the microinjection sites. Only hamsters with
neuroanatomically accurate microinjection sites were included in the data analysis. The
phase shifts were statistically analyzed by paired T-test, using Prism software, with
significance defined as P<0.05.

Expt. 1a. The effect of pretreatment with muscimol on phase shifts induced by
DRN microinjection of 8-OH-DPAT—The two experimental treatments consisted of
sets of two microinjections in the DRN: 1) vehicle (0.9% saline) at ZT 5.75 and (+/−)-8-
OH-DPAT (6 picomoles) at ZT 6, and 2) muscimol (87.6 picomoles) at ZT 5.75 and (+/
−)-8-OH-DPAT (6 picomoles) at ZT 6. The dose of 8-OH-DPAT is equivalent to that used
in our previous studies (Duncan et al., 2004; Duncan and Davis, 2005). The dose of
muscimol chosen is the same as that demonstrated to inhibited novel wheel-induced phase
shifts after microinjection into the hamster DRN (Glass et al., 2003) and is higher than the
dose shown to inhibit serotonin release from the DRN in vitro (Roberts et al., 2004b).

Expt. 1b. The effect of DRN administration of muscimol alone on circadian
phase shifts—In this study, hamsters received at ZT 6 DRN microinjections of either: 1)
the GABA-A receptor agonist, muscimol (87.6 picomoles) or 2) vehicle (0.9% sterile
saline).

Expt. 1c. The effect of DRN microinjections of bicuculline alone on circadian
phase shifts—The drug treatments in this study consisted of DRN microinjections (at ZT
6) of: 1) the GABA-A receptor antagonist, bicuculline [(−)-bicuculline methochloride, 136
picomoles] or 2) vehicle (0.9% sterile saline). This dose of bicuculline was chosen because
it was shown previously to stimulate serotonin release in the SCN after administration into
the DRN (Glass et al., 2003).

Expt. 1d. The effect of DRN microinjections of bicuculline and 8-OH-DPAT
together on circadian phase shifts—The drug treatments in this study consisted of
DRN microinjections (at ZT 6) of: 1) (+/−)-8-OH-DPAT (6 picomoles) dissolved in sterile
saline (0.9%) or 2) (+/−)-8-OH-DPAT (6 picomoles) and bicuculline (136 picomoles)
dissolved in sterile saline, injected together.

5.3 Investigations of the role of glutamatergic neurotransmission on phase shifts induced
by DRN microinjection of 8-OH-DPAT

The basic experimental design described for Experiment 1 was also used here. The drug
treatments are listed below for each experiment.

Expt. 2a. The effect of pre-treatment with the glutamate receptor agonist,
NMDA, on phase shifts induced by DRN microinjection of 8-OH-DPAT—The
treatment groups in this study consisted of two sets of 2 DRN microinjections: 1) vehicle
(0.9% saline) at ZT 5.75 and (+/−)-8-OH-DPAT (6 picomoles) at ZT 6, and 2) NMDA (20
picomoles) at ZT 5.75 and (+/−)-8-OH-DPAT (6 picmoles) at ZT 6.
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Expt. 2b. The effect of DRN microinjection of the glutamate receptor
antagonist, MK-801, on circadian phase shifts—The hamsters in this study received,
at ZT 6, DRN microinjections of: 1) vehicle (sterile 0.9% saline) or 2) MK-801 [(+)MK 801
maleate, 10 picomoles]. This dose of MK-801, which is 1,300 times higher than the Kd
value of MK-801 in receptor binding studies (Wong et al., 1986), is likely to block virtually
all of the NMDA receptor binding sites.

Drugs and reagents: All drugs were purchased from Tocris (Ellisville, MO), with the
exception of pentobarbital (Nembutal sodium solution, Ovation Pharmaceuticals, Deerfield,
IL, USA) and meloxicam (Metacam, Boehringer Ingelheim, St. Joseph, MO, USA). The
drug solutions for DRN microinjections were prepared 30–60 minutes before use by
dissolving and diluting the drugs in sterile physiological saline. For microinjection of all
drugs and vehicle, the volume was 200 nl.

Data analysis: Phase shifts were calculated by the linear regression analysis method using
the computer program, Clocklab (Actimetrics, Wilmette, IL). Regression lines were fitted
through the daily onsets of activity for 7–14 days before and after each treatment. A phase
shift was defined as the difference between the onset of activity predicted by the pre-
treatment regression line and the actual onset shown by the post-treatment regression line.
Positive numbers represented phase advances while negative numbers represented phase
delays. For each experiment, the phase shift data were analyzed by paired t-test (Prism 5.00,
GraphPad Software, San Diego, CA). Significance was defined as P values less than 0.05.
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Figure 1. Pretreatment with muscimol did not alter phase shifts induced by microinjections of 8-
OH-DPAT in the dorsal raphe
A. Representative actogram of circadian wheel running rhythms showing phase shifts
induced by 8-OH-DPAT (6 picomoles), preceded by muscimol (87.6 picomoles) or vehicle,
microinjected into the dorsal raphe at ZT6. The 24-h day is represented horizontally, from
left to right. Black marks show the time and relative intensity of wheel running activity. The
vertical axis represents successive days, from top to bottom. The vertical bars on the right
indicate exposure to a light:dark cycle (14L:10D, striped bars) or constant darkness (black
bars). The times of microinjections are represented by asterisks. The phase shift after
microinjection of muscimol and 8-OH-DPAT was 1.36 h, as compared to a 1.42 h phase
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shift after microinjection of vehicle and 8-OH-DPAT. B. Bars represent the mean+S.E.M.
for each treatment. Numbers in parentheses represent sample size.
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Figure 2. Microinjection of bicuculline in the dorsal raphe induced a phase shift
A. Representative actogram of circadian wheel running rhythms from a hamster that
received dorsal raphe microinjections of vehicle or bicuculline (136 picomoles) at ZT6.
Microinjection of bicuculline led to a phase advance of 1.29 h, in contrast to microinjection
of vehicle which led to a 0.87 h phase shift. See legend for Figure 1 for detailed description
of actograms. B. Bars represent the mean+S.E.M. for each treatment. Numbers in
parentheses represent sample size.
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Figure 3. Microinjection of bicuculline in the dorsal raphe potentiates the phase shift induced by
8-OH-DPAT
A. Representative actogram of circadian wheel running rhythms from a hamster that
received dorsal raphe microinjections of 8-OH-DPAT (6 picomoles) alone or bicuculline
(136 picomoles) and 8-OH-DPAT (6 picomoles) together at ZT6. Microinjection of 8-OH-
DPAT alone led to a phase advance of 1.42 h, in contrast to microinjection of bicuculline
and 8-OH-DPAT, which led to a 1.96 h phase advance. See legend for Figure 1 for detailed
description of actograms. B. Bars represent the mean+S.E.M. for each treatment. Numbers
in parentheses represent sample size.
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Figure 4. Pretreatment with NMDA attenuated the phase shift induced by 8-OH-DPAT in the
dorsal raphe
A. Representative actogram circadian wheel running rhythms from a hamster that received
dorsal raphe microinjections of vehicle or NMDA (20 picomoles) 15 minutes before 8-OH-
DPAT at ZT6. See legend for Figure 1 for detailed description of the actogram.
Microinjection of NMDA and 8-OH-DPAT induced a 0.87 h phase shift, while
microinjection of vehicle and 8-OH-DPAT induced a 1.53 h phase shift. B. Bars represent
the mean+S.E.M. for each treatment. Numbers in parentheses represent sample size.
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Figure 5. Microinjection of MK-801 into the DRN did not induce phase shifts
A. Representative actogram circadian wheel running rhythms from a hamster that received
dorsal raphe microinjections of vehicle or MK-801 (10 picomoles) at ZT 6. See legend for
Figure 1 for detailed description of the actogram. In this hamster, the phase shifts after
microinjections of vehicle or MK-801 were 0.78 h and 1.03 h, respectively. B. Bars
represent the mean+S.E.M. for each treatment. Numbers in parentheses represent sample
size.
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Figure 6. Working model of DRN 5-HT7 receptor induction of phase shifts
The current findings are shown as a modification of nonphotic phase shifting mechanisms
elucidated by Glass et al (2003). Activation of DRN 5-HT7 receptors by microinjection of 8-
OH-DPAT inhibits glutamate release (Harsing et al, 2004), thus attenuating GABAergic
neurotransmission. This leads to disinhibition of serotonin (5-HT) neurons projecting from
the DRN to the IGL or from the MRN to the SCN, thus enhancing signaling to the SCN.
NMDA in the DRN activates NMDA-type glutamate receptors, stimulating GABA neurons
and inhibitory tone. DRN bicuculline microinjection blocks GABA-A receptors, disihibits
IGL-projecting 5-HT neurons, and sends a phase shifting signal to the SCN. DRN
muscimol, acting at GABA-A receptors, inhibits signaling from the IGL to the SCN, but
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does not prevent signaling from the DRN to MRN to SCN initiated by 8-OH-DPAT in the
DRN.
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