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5HT,gz Receptor Agonists Inhibit Light-Induced Phase Shifts of
Behavioral Circadian Rhythms and Expression of the Immediate-
Early Gene c-fos in the Suprachiasmatic Nucleus
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The suprachiasmatic nucleus (SCN) is a circadian oscillator and
a critical component of the mammalian circadian system. It
receives afferents from the retina and the mesencephalic raphe.
Retinal afferents mediate photic entrainment of the SCN,
whereas the serotonergic afferents originating from the mid-
brain modulate photic responses in the SCN; however, the
serotonin (5HT) receptor subtypes in the SCN responsible for
these modulatory effects are not well characterized. In this
study, we tested the hypothesis that 5HT,g receptors are lo-
cated presynaptically on retinal axon terminals in the SCN and
that activation of these receptors inhibits retinal input.

The 5HT, g receptor agonists TFMPP and CGS 12066A, ad-
ministered systemically, inhibited light-induced phase shifts of
the circadian activity rhythm in a dose-dependent manner at
phase delay and phase advance time points. This inhibition was
not affected by previous systemic application of either the
selective 5HT, 5 receptor antagonist (+)WAY 100135 or by the

5HT, receptor antagonist mesulergine, whereas pretreatment
with the nonselective 5HT, antagonist methiothepin signifi-
cantly attenuated the effect of TFMPP. TFMPP also produced a
dose-dependent reduction in light-stimulated Fos expression in
the SCN, although a small subset of cells in the dorsolateral
aspect of the caudal SCN were TFMPP-insensitive. TFMPP (1
mv) infused into the SCN produced complete inhibition of
light-induced phase advances. Finally, bilateral orbital enucle-
ation reduced the density of SCN 5HT,g receptors as deter-
mined using ['?°l]-iodocyanopindolol to define 5HT,g binding
sites. These results are consistent with the interpretation that
5HT, g receptors are localized presynaptically on retinal termi-
nals in the SCN and that activation of these receptors by 5HT,g
agonists inhibits retinohypothalamic input.
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ment; retinal afferents; ["?°l]-iodocyanopindolol

The hypothalamic suprachiasmatic nucleus (SCN) is a critical
component of the mammalian circadian system. Converging lines
of investigation have provided support for the role of the SCN as
a circadian oscillator (Turek, 1985; Meijer and Rietveld, 1989;
Klein et al., 1991; van den Pol and Dudek, 1993). Most recently,
transplanted fetal or neonatal anterior hypothalamic tissue con-
taining the SCN has been shown to be capable of restoring a
circadian rhythm of activity to rodents rendered arrhythmic by
SCN destruction (Sawaki et al., 1984; Lehman et al., 1987; De-
Coursey and Buggy, 1988; Boer and Griffioen, 1990; Ralph et al.,
1990; Saitoh et al., 1991; Sollars and Pickard, 1994; 1995; Sollars
et al., 1995).

The functional utility of the SCN oscillatory system is derived
from its ability to be synchronized, or “entrained,” to the 24 hr
environmental day/night cycle. Entrainment provides for stable
and appropriate phasing of the SCN circadian oscillator with the
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environment, thereby, in effect, enabling recognition of local time.
Thus, the SCN circadian oscillator is said to function as a biolog-
ical clock (Pittendrigh and Daan, 1976). In the absence of rhyth-
mic photic cues (i.e., constant dark conditions), the clock free-
runs with a period slightly greater or less than 24 hr, drifting in
and out of synchrony with periodic events in the external
environment.

Entrainment of the SCN to the 24 hr day/night cycle is accom-
plished by a daily resetting mechanism. Light exposure early in the
subjective night phase delays the oscillator, whereas light exposure
late in the subjective night results in phase advances. During the
subjective day, the SCN circadian oscillator is insensitive to light
(Daan and Pittendrigh, 1976). This phase resetting process is
mediated by a projection from the retina to the SCN, the retino-
hypothalamic tract (RHT) (Hendrickson et al., 1972; Moore and
Lenn, 1972; Pickard, 1982).

The SCN is also innervated by serotonergic fibers arising from
the mesencephalic raphe (Azmitia and Segal, 1978; Moore et al.,
1978; Steinbusch, 1981; Meyer-Bernstein and Morin, 1996); how-
ever, neither the role of this very concentrated SHT input to the
SCN nor the functional organization of the SHT receptor subtypes
in the SCN is well understood. Serotonergic innervation of the
SCN is not required for the expression of circadian rhythms
(Block and Zucker, 1976), although depletion of SHT in the
hamster SCN alters the phase angle of entrainment (Smale et al.,
1990). Systemic administration of the nonselective serotonin ag-
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Table 1. Effects of enucleation on SHT,; receptors in the
suprachiasmatic nucleus (SCN) and superior colliculus (SC)

Intact Unilateral Bilateral
SC L6.49 = 0.24 C239 +0.19 L3.04 =0.16
R 6.36 = 0.31 15.04 = 0.39* R 298 +0.11
SCN 5.57 £0.71 5.66 = 0.15 3.60 = 0.80**

All values expressed as femtomoles per milligram protein (mean * SEM), n =
4/group. Unilateral, monocular enuceation; Bilateral, bilateral enucleation; L, left;
R, right; C, contralateral to the enucleated eye; I, ipsilateral to the enucleated eye.
*p < 0.001 C versus I; **p < 0.05 bilateral versus intact.

onist quipazine lowers the activity of photically responsive SCN
neurons (Miller and Fuller, 1990) and attenuates light-induced
SCN Fos expression (Selim et al., 1993). Microiontophoretic
application of SHT or 5HT, ,, agonists to the SCN in anesthe-
tized hamsters inhibits photic responses in SCN cells (Ying and
Rusak, 1994). Moreover, Rea and colleagues (1994) have shown
that the 5HT,,,, receptor agonist 8-OH-DPAT can attenuate
several aspects of the photic response of the SCN. 5HT,,
receptors mediating 8-OH-DPAT effects are most likely located
on the soma and dendritic processes of SCN neurons (Kiss et al.,
1984; Bosler and Beaudet, 1985; Bosler, 1989; Chalmers and
Watson, 1991; Lovenberg et al., 1993; Kawahara et al., 1994).

SHT,; binding sites have also been reported in the SCN in
relatively high density (Manrique et al., 1993, 1994; Prosser et al.,
1993), although SCN neurons express little SHT, ; mRNA (Roca
et al., 1993), suggesting that a large percentage of these SHT, g
receptors are not synthesized in the SCN. These findings are
consistent with data indicating that SHT, 5 receptors are located
predominately on axon terminals in the brain, including retinal
axon terminals (Boschert et al., 1994), where they appear to
inhibit glutamatergic neurotransmission. We therefore hypothe-
sized that SHT, receptors located on RHT axon terminals might
serve to regulate RHT neurotransmission in the SCN. To test this
hypothesis, we evaluated (1) the level of SCN SHT, receptors
after enucleation; (2) the ability of SHT, agonists and antago-
nists to modulate light-induced behavioral phase shifts; and (3)
the effect of SHT,; agonists on light-induced Fos expression
in the SCN, a cellular correlate of light-induced behavioral
responses.

MATERIALS AND METHODS

Animals. Syrian hamsters (Mesocricetus auratus, male; Charles River,
Wilmington, MA) were housed in groups of six and maintained under a
light/dark (LD) cycle of 14 hr/10 hr (LD 14:10; lights out at 2 A.M.) for
at least 2 weeks before experiments. Illuminance at cage level was ~200
lux, and food and water were freely available.

Activity rhythms. After at least two weeks in LD 14:10, hamsters were
transferred to individual cages equipped with activity wheels and main-
tained in constant dark (DD) conditions until the experiment was termi-
nated. Wheel-running activity was monitored continuously as described
previously (Pickard et al., 1982; Rea et al., 1993b) using a Zenith 248
computer running DATAQUEST III data acquisition software (Mini-
mitter, Sunriver, OR). Activity records were generated in the standard
manner: each day’s activity was presented beneath the previous day’s
activity and analyzed using CIRCADIA software (Behavioral Cybernet-
ics, Cambridge, MA) running on a Macintosh IIci computer.

The onset of wheel-running activity is designated as circadian time
(CT) 12 and was used as a phase reference point for the timing of photic
stimulation, as described previously (Rea et al., 1994). The onset of
wheel-running activity on the day of light stimulation was predicted by
extrapolation of the least squares line through the activity onsets for at
least 5 d preceding the day of stimulation.

Light-induced phase shifts. After at least 10 d in DD (typically 10-12 d),
groups of hamsters received injections followed by light stimulation at
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Figure 1. Distribution of ['*’I]-ICYP binding sites in the hamster SCN. 4,
Autoradiogram of a coronal section through the caudal SCN of a normal
hamster, killed after 7 d in DD at CT 18, illustrates the dense SHT;g
receptor binding in the ventral and ventromedial aspects of the SCN
(arrow) and the relatively sparse binding in the dorsolateral aspect of the
nucleus. B, Autoradiogram of a similar section through the caudal SCN of
an enucleated hamster killed at CT 18, 7 d after removal of RHT afferents,
illustrates the decrease in ['**I]-ICYP binding in the ventral and ventro-
medial SCN relative to the SCN in 4 where RHT afferents are intact (see
Table 1).

either CT 14 (2 circadian hours after predicted activity onset; 1 circadian
hour = 7/24) or CT 19 (7 circadian hours after predicted activity onset).
Groups of hamsters received (1 ml/kg, i.p.) injections of either vehicle
(0.9% saline for TFMPP or 65% EtOH for CGS 12066A) or SHT,g
agonists (TFMPP or CGS 12066A) (0.1-0.2 ml) 30 min before light
exposure. In some experiments, SHT antagonists ((+)WAY 100135,
mesulergine, and methiothepin) or vehicle were delivered intraperitone-
ally 30 min before agonists. In addition, some animals received intra-
cerebral injections of vehicle (0.9% saline) or TFMPP (0.3 ul) 10 min
before light stimulation. All injections were performed under dim red
illumination (<1 lux). Each animal received 10 min of white light at an
average illuminance of 20 lux at CT 14 or CT 19 using a light stimulation
apparatus, as described previously (Rea et al., 1994). After light stimu-
lation, animals were returned to their wheel-running cages in DD. Ani-
mals that received drug injections without light treatment were handled
as described above and returned to their wheel-running cages in DD
immediately after injection.

Intracerebral injections. Surgical procedures for cannula placement
were described previously (Rea et al., 1993a). Briefly, under deep anes-
thesia, animals were placed in a Kopf stereotaxic apparatus, and 26 ga
cannula guides containing 33 ga stylets were implanted to a depth of 2.9
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Figure 2. Distribution of ['**I]-ICYP binding sites in the hamster SC. A,
Autoradiograph of a coronal section through the SC of a normal hamster
illustrates the dense SHT, 5 receptor binding in the retinorecipient region
of the SC, the SGS (arrow). Dense ['*]I-ICYP binding is also apparent in
the substantia nigra and subiculum. B, Autoradiograph illustrating the
effect of monocular enucleation on ['"*’I]-ICYP binding in the SCS. Note
the reduction in SHT,y receptor binding density in the SGS (left side)
contralateral to the removed eye. C, Autoradiograph illustrating the effect
of binocular enucleation on ['*’I]-ICYP binding in the SCS. Note the
reduction in SHT receptor binding density bilaterally in the SGS com-
pared to that in the intact hamster (A4).
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Table 2. The effect of a SHT, receptor antagonist, mesulergine, on
TFMPP inhibition of light-induced phase shifts at CT 19

First injection
Vehicle

1.44 = 0.24 (6)
0.39 = 0.13 (9)
0.16 = 0.02 (5)

First injection
Mesulergine

1.24 = 0.21 (8)
0.59 = 0.14 (8)
0.33 = 0.10 (6)

Second injection

Vehicle
TFMPP (0.5 mg/kg)
TFMPP (5.0 mg/kg)

Animals were maintained in DD throughout and were pretreated with systemic
vehicle or mesulergine (5 mg/kg) (first injection) at CT 18 followed by vehicle or two
doses of TFMPP (second injection) at CT 18.5 followed by light-stimulation (10 min
at 20 lux) at CT 19. Mesulergine had no significant effect on attenuating the
inhibition of TFMPP on light-induced phase shifts at either dose of TFMPP (p >
0.13 and p > 0.28). n = animals/group.

mm below the dura, secured with dental cement, and closed with sutures.
Animals recovered from the surgery under LD 14:10 conditions for 1
week and were then transferred to running-wheel cages and placed in
DD. After at least 10 d in DD, at the appropriate phase of the circadian
cycle, a 33 ga infusion cannula attached to a 1 wl Hamilton syringe was
lowered to a position just dorsal to the SCN (extending 4.4 mm beyond
the tip of the indwelling guide cannula), and 300 nl of TFMPP (1 mMm) or
vehicle was delivered. Cannula placement was verified histologically at
the termination of behavioral data collection as described previously
(Weber et al., 1995).

Quantitation of phase shifts. Animals remained in DD for 10-14 d after
photic stimulation. Phase shifts were calculated as the difference between
the projected times of activity onset (CT 12) on the day after stimulation
as determined by (1) extrapolation of the least squares line calculated
from activity onset data collected during the 5 d before and including the
day of stimulation and (2) back-extrapolation of the least squares line
through five activity onsets beginning as soon as a steady-state free-run
was resumed (usually days 2-6 were used and never later than days 4-8
after stimulation) (Pittendrigh and Daan, 1976).

Light-induced Fos expression. Hamsters were maintained in DD in
wheel-running cages as described above. After 10-11 d in DD, animals
received intraperitoneal injections of either TFMPP or vehicle 30 min
before light exposure (20 lux for 10 min as described above) at CT 19.
After light stimulation, animals were returned to their cages in DD.
Ninety minutes after the onset of light stimulation, animals were anes-
thetized in the dark and prepared for immunocytochemical demonstra-
tion of Fos as described previously (Rea et al., 1994). All Fos-
immunoreactive (Fos-ir) cell nuclei that were stained above background
in both SCN throughout the rostrocaudal extent of the nucleus were
counted by two investigators, and the counts were averaged and expressed
as Fos-ir cells/SCN.

Quantitative SHT ;g receptor autoradiography. Hamsters were either
mono- or binocularly enucleated under deep anesthesia. After removal
of the eyeball, the orbit was packed with gelfoam, and the eyelids were
sutured. It has been reported that the density of SHT, 5 binding sites in
the rat SCN varies with time of day (Prosser et al., 1993). Therefore,
enucleated animals and intact controls were placed in DD conditions in
running-wheel cages after surgery. After 7 d in DD, all animals were
killed by decapitation under dim red light at CT 18-18.5. Brains were
removed rapidly, dipped briefly in ice-cold saline, frozen on dry ice, and
stored at —80°C until use. SHT; receptor autoradiography in the SCN
and superior colliculus (SC), as defined by '*I-iodocyanopindolol
(**I-ICYP) binding (Offord et al., 1988), was conducted on 16 um
sections cut in the coronal plane on a Jung Frigocut 2800N cryostat, as
described by Manaker and Verderame (1990). Briefly, frozen sections
were brought to 4°C in a refrigerator, preincubated in ice-cold buffer
(50 mm Tris-HCL/2.5 mM MgCl,) for 10 min, and then incubated in the
same buffer containing ~100 pm '>’I-ICYP (specific activity 2200
Ci/mmol) and 30 uM isoproterenol (to block B-adrenergic receptors) at
room temperature for 60 min. Under these conditions, '*I-ICYP has
been shown to label a single binding site that displays the pharmaco-
logical profile of SHT, receptors (Offord et al., 1988). Incubation in
an excess of unlabeled SHT (20 uMm) was used to define nonspecific
binding. After incubation, sections were washed twice in ice-cold
buffer, dipped in cold distilled water to remove buffer salts, and dried
rapidly on a slide warmer. Dried slides were apposed to Amersham
Hyperfilm (Amersham, Arlington Heights, IL) for 18-20 hr, and the
exposed film was developed in Kodak D-19 for 2 min. Analysis of
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Figure 3. The effect of systemic administration of TFMPP on light-induced phase shifts of the circadian rhythm of wheel-running activity is illustrated
in representative actograms. Hamsters were maintained in DD throughout the experiment and received injections of vehicle or TFMPP (5 mg/kg, i.p.)
at either CT 13.5 or CT 18.5, followed by brief light exposure (10 min at 20 lux) at CT 14 to elicit phase delays (left) or at CT 19 to elicit phase advances
(right). Approximate time of light stimulation is indicated by the inverted triangles (top and middle rows). Inverted triangles in the bottom row indicate

approximate time of TFMPP injection.

autoradiograms was performed using a computerized microdensitom-
etry system using National Institutes of Health Image software. A
calibration curve was generated using commercially available '*T stan-
dards, and results were expressed as tissue equivalent activities using
rat brain gray matter values provided by the supplier. '**I-ICYP bind-
ing was determined throughout the rostrocaudal extent of the SCN.
Analyses were conducted on the bilateral SCN as a single structure,
because the retinal input is bilateral, overlapping, and approximately
equal from both eyes (Pickard, 1982). A separate analysis was con-

ducted on the ventromedial aspect of the bilateral SCN. Data are
expressed as specific binding in femtomoles per milligram protein.
Statistical analysis. Statistical significance was determined using Stu-
dent’s ¢ test and by ANOVA, and differences between means were tested
post hoc for significance (p < 0.05) using the Neuman—Keuls test.
Drugs  and  reagents. ~TFMPP  {1-[3-(trifluoromethyl)phenyl]-
piperazine}, CGS 12066A {7-trifluoromethyl-4(4-methyl-1-piperazinyl)-
pyrrolo[1.2-a]quinoxaline}, DOI, methiothepin, and mesulergine were
obtained from Research Biochemicals International (Natick, MA).
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Figure 4. Dose-dependent effect of sys-
temic administration of TFMPP on light-
induced phase advances of the free-
running activity rhythm. Data represent

the mean = SEM of four to five animals/
TFMPP group. Light-induced phase 0
shifts in all TFMPP-treated groups are

significantly smaller compared with the

vehicle (0 mg/kg) + light group (n = 11)

(p <0.05).

(+)WAY 100135 was generously supplied by Wyeth-Ayerst. Serotonin
and isoproterenol were obtained from Sigma (St. Louis, MO). ['*I]-
ICYP was purchased from Amersham.

RESULTS

5HT,g receptors in the hamster SCN and SC:
distribution and effects of enucleation

High-affinity binding of '*I-ICYP, in the presence of isopro-
terenol, was observed throughout the rostrocaudal extent of
the SCN and the SC. In the SCN, however, the binding density
is much higher in the ventromedial aspects of the nucleus
compared with the dorsolateral region (Fig. 1). The density of
125[.ICYP binding sites in the SCN also appears greater in the
more caudal aspects of the nucleus. In the SC, '"*’I-ICYP
binding is heavily distributed in the stratum griseum superfi-
ciale (SGS), with a much lower density in the stratum opticum
and in the deep laminae of the SC (Fig. 2). Bilateral enucle-
ation resulted in a 35% reduction in the '*’I-ICYP binding in
the ventromedial SCN and a >50% reduction in '"*’I-ICYP
binding in the SGS of the SC (Table 1). Monocular enucleation
produced a marked reduction in the SGS of the contralateral
SC, with a slight reduction in the SGS ipsilateral to the enu-
cleation. Monocular enucleation produced no detectable
change in SHT, receptor density in the SCN (Table 1).

Effects of systemic 5HT,5 agonists on light-induced
phase shifts

Hamsters that received intraperitoneal injections of vehicle 30
min before light stimulation at CT 19 exhibited large, stable phase
advances of the free-running activity rhythm as expected (Fig. 3).
Injection of TFMPP (5§ mg/kg body weight) 30 min before light
stimulation completely blocked light-induced phase advances
[-0.04 = 0.06 hr (mean = SEM) (TFMPP + light; n = 6) vs
+1.16 = 0.09 hr (vehicle + light; n = 11); p < 0.001] (Fig. 3). The
effect of TFMPP on light-induced phase advances was dose-

0125 025 0.5 1 5

TFMPP (mg/kg)

dependent over a dose range of 0.125-5.0 mg/kg; injection of
0.125 mg/kg, the lowest dose injected, produced a 25% reduction
in phase shifts (Fig. 4). Injection of 5 mg/kg TFMPP alone at CT
18.5 did not significantly alter the phase of the activity rhythm
(+0.01 = 0.05 hr; n = 3) (Fig. 3).

Animals that received intraperitoneal injections of vehicle 30
min before light stimulation at CT 14 exhibited the expected
phase delays of the free-running activity rhythm (Fig. 3).
TFMPP (5 mg/kg, i.p.) injected 30 min before light stimulation
at CT 14 completely blocked the phase-delaying effects of light
on the circadian activity rhythm [—0.05 = 0.07 hr (TFMPP +
light; n = 6) vs —0.67 = 0.10 hr (vehicle + light); n = 6; p <
0.001]. This dose of TFMPP alone at CT 13.5 did not signifi-
cantly alter the phase of the circadian activity rhythm (0.02 and
0.22 hr; n = 2) (Fig. 3).

In another set of experiments, CGS 12066A was administered
intraperitoneally 30 min before light stimulation at CT 19 to
examine the effects of this more selective SHT,; agonist on
light-induced phase advances. CGS 12066A attenuated the phase-
shifting effect of light at CT 19 in a dose-dependent manner, with
the phase shifts at the highest dose tested (6.6 mg/kg) significantly
reduced compared with vehicle-injected controls [+0.35 + 0.29 hr
(CGS 12066A + light); n = 4 vs +1.16 = 0.13 hr (vehicle + light);
n =5; p < 0.02; Fig. 5]. CGS 12066A administered at CT 18.5 in
the absence of light had no significant effect on the phase of the
circadian activity rhythm (+0.09 and —0.23 hr; n = 2) (Fig. 5).

Effects of 5HT,, and 5HT, antagonists and a 5HT,
agonist on TFMPP inhibition of light-induced phase
advances at CT 19

TFMPP is a well characterized SHT, receptor agonist (Lucki
et al., 1989; Chopin et al., 1994); however, in addition to its
affinity for SHT, 5 receptors, TFMPP also has a relatively high
affinity for SHT,, and 5HT, receptors (Chopin et al., 1994;
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Figure 5. The effect of systemic admin-
istration of CGS 12066A on light-
induced phase advances of the circadian
rhythm of wheel-running activity. Ham-
sters were maintained in DD throughout
the experiment and received intraperito-
neal injections of vehicle or CGS 12066A
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Hoyer et al., 1994), both of which have been described in the
rat SCN (Prosser et al., 1993; Roca et al., 1993). Unfortunately,
a selective SHT,z receptor antagonist is not yet available
(Hoyer et al., 1994). Therefore, a series of experiments was
conducted to determine the effects of selective SHT, and SHT,
receptor antagonists on the ability of TFMPP to inhibit light-
induced phase advances at CT 19.

(+)WAY 100135, a selective SHT, o receptor antagonist, ad-
ministered (5 mg/kg, i.p.) 30 min before the systemic injection of
TFMPP (5 mg/kg or 0.5 mg/kg) had no effect on TFMPP inhibi-
tion of light-induced phase shifts at CT 19 (Fig. 6). Phase shifts
generated after (+)WAY 100135 + TFMPP + light were similar
to phase shifts generated after vehicle + TEMPP + light [+0.12 =
0.11 hr (n = 6) vs +0.11 = 0.06 hr (n = 6) and +0.42 = 0.08 hr
(n =5)vs 0.42 = 0.22 hr (n = 4) for TFMPP doses of 5 and 0.5
mg/kg, respectively] (Fig. 7). (+)WAY 100135 administered alone
had no significant effect on the phase of the free-running activity
rhythm (—0.08 = 0.12; n = 3). The inability of the selective SHT o
antagonist (+)WAY 100135 to reduce TFMPP inhibition of light-
induced phase shifts while blocking the effects of the SHT,,,,
agonist 8-OH-DPAT is consistent with the interpretation that
TFEFMPP is acting via SHT,; receptors.

To ascertain whether the effects of TFMPP on light-induced
phase shifts might be mediated via its affinity for the SHT,-
receptor, the SHT, antagonist mesulergine was injected (5 mg/kg,
i.p.) before TFMPP and light at CT 19 in a manner similar to that
described above for (+)WAY 100135. Mesulergine injected be-
fore TFMPP and light had no significant effect on TFMPP inhi-
bition of light-induced phase advances at CT 19 at TFMPP doses
of 5 and 0.5 mg/kg (Table 2). In a separate experiment, the
selective SHT, agonist DOI (5 mg/kg), injected 30 min before
light stimulation at CT 19, had no effect on phase advances of the

at CT 18.5, followed by brief light expo-
sure (10 min at 20 lux) at CT 19. Data
represent mean = SEM of four to six
animals/group (drug alone group, n = 2).
Light-induced phase advances are signif-
icantly reduced in the 6.6 mg/kg + light
group compared to the vehicle + light
group (*p < 0.02).

6.6
alone

6.6

circadian activity rhythm [+1.42 = 0.27 hr (n = 6); vehicle + light
vs +1.10 = 0.31 hr (n = 6); DOI + light; p > 0.4]. DOI alone
produced small and variable phase shifts (+0.22 £ 0.13 hr; n = 4).
The mesulergine and DOI results taken together support the
interpretation that TFMPP inhibition of light-induced phase shifts
is not mediated through the SHT, receptor.

Effects of the nonselective 5HT, antagonist
methiothepin on TFMPP inhibition of light-induced
phase advances at CT 19

To further examine whether the effect of TFMPP on light-induced
behavioral phase shifts is mediated by its affinity to SHT,  recep-
tors, the SHT, antagonist methiothepin, which has affinity for
both the 5HT,, and 5HT,5 receptors, was injected before
TFMPP administration and light, as described above. Methio-
thepin (5 mg/kg, i.p.) significantly attenuated the inhibition pro-
duced by TFMPP at 1.0 mg/kg [+0.28 = 0.10 hr (n = 9); vehicle
+ TFMPP + light vs +0.69 = 0.13 hr (n = 10); methiothepin +
TFMPP + light; p < 0.02]. In addition, methiothepin itself had no
significant effect on light-induced phase shifts, and methiothepin
alone had no effect on the phase of the circadian activity rhythm
(Figs. 8, 9). These results again are consistent with the interpre-
tation that the effect of TFMPP on light-induced phase shifts is
mediated through SHT, receptors.

Effects of TFMPP delivered directly into the SCN
region on light-induced phase shifts at CT 19

To begin to address the question of the site of action of system-
ically administered TFMPP, animals were implanted with chronic
indwelling cannula, and TFMPP (1 mm in 0.3 ul) was injected
directly into the SCN region. TFMPP injected 10 min before light
stimulation at CT 19 significantly inhibited light-induced phase
shifts compared with animals injected with vehicle 10 min before
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Figure 6. The effect of pretreatment with the SHT, , antagonist (+)WAY 100135 on TFMPP inhibition of light-induced phase shifts of the circadian
rhythm of wheel-running activity is illustrated in representative actograms. Hamsters were maintained in DD throughout the experiment and received
injections of vehicle (V) or (+)WAY 100135 (W) (5 mg/kg, i.p.) at CT 18, followed by vehicle or TFMPP (T') (5 mg/kg, i.p.) at CT 18.5, followed by
light stimulation (10 min at 20 lux) at CT 19. Pretreatment with (+)WAY 100135 had no effect on TFMPP inhibition of light-induced phase advances
of the circadian activity rhythm (compare bottom left panel with bottom right panel). (+)WAY 100135 administration had no significant effect on
light-induced phase shifts compared with vehicle-treated animals (compare top left panel with top right panel).

light stimulation [+0.07 = 0.06 hr (n =

expression in the SCN at CT 19

Light stimulation at CT 19 of vehicle-injected animals produced
the characteristic pattern of Fos expression within the SCN region

6); TFMPP + light vs
+0.71 = 0.17 hr (n = 5); vehicle + light; p < 0.001] (Fig. 10).
Effects of systemic TFMPP on light-induced Fos

(Fig. 11). Fos-ir cell nuclei were distributed throughout the ros-

trocaudal extent of the SCN, with a higher concentration in the
caudal third of the nucleus. As described previously (Rea, 1989;
Abe et al., 1991), many Fos-ir cells were also noted surrounding

the cytoarchitectonic boundaries of the SCN extending into the
periventricular region. Injection of TFMPP 30 min before light
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Figure 7. Effect of (+)WAY 100135 on (]
TFMPP inhibition of light-induced phase %
advances at CT 19. Data represent the c 0.5
mean = SEM of four to six animals/group. [oX
Systemic pretreatment with the SHT, , an-
tagonist (+)WAY 100135 (WAY; 5 mg/kg)
had no significant effect on the ability of 04
TFMPP to inhibit light-induced phase
shifts at CT 19 at TFMPP doses of either 5 WAY
mg/kg (left side; *p < 0.001) or 0.5 mg/kg TFMPP

(right side; **p < 0.05). (+)WAY 100135 by
itself did not significantly affect light-
induced phase shifts (not shown).
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Figure 8. The effect of pretreatment with the nonselective SHT, antagonist methiothepin (M) on TFMPP (T') inhibition of light-induced phase shifts
of the circadian rhythm of wheel-running activity is illustrated in representative actograms. Hamsters were maintained in DD throughout the experiment
and received injections of vehicle (V) or methiothepin (5 mg/kg, i.p.) at CT 18, followed by vehicle or TEFMPP (5 mg/kg, i.p.) at CT 18.5, and light
stimulation (10 min at 20 lux) at CT 19. Pretreatment with methiothepin significantly attenuated the ability of TFMPP to inhibit light-induced phase
advances of the circadian activity rhythm (compare bottom left panel with top right panel ). Methiopthepin had no significant effect on light-induced phase
shifts (compare fop right panel with top left panel). Lost data on the day after light stimulation resulted from temporary equipment malfunction.

stimulation at CT 19 reduced the number of Fos-ir cells in the
SCN in a dose-dependent manner, whereas it did not affect Fos
expression in the regions surrounding the SCN (Figs. 11, 12).
After the injection of increasing concentrations of TFMPP before
light stimulation, fewer Fos-ir cells were noted in the ventral and
medial aspects of the nucleus. At the two highest doses adminis-
tered (5 and 10 mg/kg; note that 5 mg/kg completely blocks
light-induced behavioral phase shifts), virtually no Fos-ir cells
were noted in the rostral division of the nucleus, with the remain-
ing Fos-ir cells restricted to the dorsolateral portion of the caudal
SCN (Fig. 11). The number of Fos-ir cells/SCN in this restricted
dorsolateral patch of the caudal SCN in animals receiving 5 and 10
mg/kg TFMPP were 127 = 37 (n = 5) and 191 = 63 (n = 3),
respectively, which represents ~10-15% of the total number of
SCN cells expressing Fos after vehicle injection and light stimu-
lation (1155 = 81; n = 9). Injection of TFMPP alone at the
highest dose administered before light stimulation (10 mg/kg) did
not induce Fos expression in the SCN (data not shown). The
relationship between the magnitude of behavioral phase shifts and
the number of SCN cells expressing detectable levels of Fos at
varying doses of TFMPP administered before light stimulation
was highly correlated (Figs. 4, 12).

DISCUSSION

The present study demonstrates that SHT agonists with an affinity
for the SHT,y receptor subtype, administered systemically or

directly into the SCN, inhibit light-induced phase shifts of the
circadian activity rhythm. It was also shown that systemic injection
of TFMPP before light stimulation inhibits expression of the c-fos
gene product in the SCN. These results, taken together with the
additional observation that bilateral enucleation reduces SHT,
receptor binding in the SCN, are consistent with the interpreta-
tion that SHT, g receptors are localized presynaptically on RHT
axon terminals in the SCN and that activation of these receptors
elicits an inhibition of retinohypothalamic neurotransmission.
The interpretation that the effects of TFMPP on light-induced
phase shifts involve activation of SHT, 5 receptors is supported by
the inability of pretreatment with either the selective SHT,,
antagonist (+)WAY 100135 (Cliffe et al., 1993) or the selective
SHT, > antagonist mesulergine (Hoyer et al., 1994) to diminish
the inhibitory effects of TFMPP. It is important to note that
(+)WAY 100135 has been shown to block the inhibitory effects of
the 5HT, 4, receptor agonist 8-OH-DPAT on light-induced phase
shifts (Weber et al., 1996). Additional support for the interpreta-
tion that these effects of TFMPP are mediated via its affinity for
the SHT, 5 receptor subtype is provided by the finding that pre-
treatment with the nonselective SHT,,,;5 antagonist methio-
thepin significantly reduced TFMPP inhibitory effects on light-
induced phase shifts. Moreover, systemic application of the
pyrroloquinoxaline CGS 12066A, a more selective SHT, 5 recep-
tor agonist with relatively little SHT,, activity and negligible
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Figure 9. Effect of the nonselective SHT, antagonist methiothepin on
TFMPP inhibition of light-induced phase advances at CT 19. Data repre-
sent the mean + SEM of 9-10 animals/group. Systemic pretreatment with
methiothepin (5 mg/kg) (animals that received methiothepin are indi-
cated by +) significantly attenuated the ability of TFMPP (1 mg/kg)
(animals that received TFMPP are indicated by +) to inhibit light-induced
phase shifts. Phase shifts of the methiothepin (+) plus TFMPP (+) group
were significantly larger than the vehicle [methiothepin (—)] plus TFMPP
(+) group (*p < 0.02). Methiothepin by itself did not significantly affect
light-induced phase shifts (p > 0.1). Methiothepin administration in the
absence of light (darkened bar; n = 5) had no effect on the phase of the
free-running activity rhythm.
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Figure 10. Effect of local infusion of 1 mm TFMPP into the SCN region
on light-induced phase advances at CT 19. TFMPP was infused into the
SCN 10 min before light stimulation (10 min at 20 lux) at CT 19. Data
represent the mean = SEM of five to six animals/group. Local TFMPP
infusion into the SCN significantly inhibited light-induced phase advances
(p < 0.001).

SHT, affinity (Neale et al., 1987), also inhibited light-induced
phase shifts.

5SHT, 5 receptors are localized primarily on axon terminals in
the CNS. In several well characterized neuronal structures (e.g.,
hippocampus, cerebellum, caudate-putamen, and retina), SHT, g
receptor mRNA, determined by in situ hybridization, is localized
in neuronal cell bodies (Voight et al., 1991; Jin et al., 1992;
Maroteaux et al., 1992; Boschert et al., 1994), whereas SHT, g
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binding sites, determined by autoradiography, are found in re-
gions receiving efferent projections from these cell bodies (Hoyer
et al., 1985; Boulenguez et al., 1991; Segu et al., 1991; Palacios et
al., 1992; Boschert et al., 1994). Thus, for example, SHT;; mRNA
is found in the cell bodies of retinal ganglion cells, although no
SHT, ; binding sites have been detected in the retina (Boschert et
al., 1994). Conversely, target sites of ganglion cell retinofugal
projections [e.g., SCN, SC, lateral geniculate nucleus (LGN)]
exhibit high to moderate levels of SHT, ; binding sites (Manrique
et al., 1993, 1994; Prosser et al., 1993; Boschert et al., 1994;
Mooney et al., 1994), whereas these same retinorecipient regions
express very little or no SHT, 5 receptor mRNA (Roca et al., 1993;
Boschert et al., 1994). Our finding of a decrease in SHT, ; binding
sites in the SC after enucleation is in agreement with previous
work suggesting that SHT), ; receptors are located on retinal axon
terminals (Segu et al., 1986; Waeber and Placios, 1990; Mooney et
al., 1994).

The finding presented herein that SHT, ; binding sites decrease
in the SCN after bilateral enucleation suggests further that pre-
synaptic SHT, 5 receptors might be a general property of the
majority of retinal axon terminals in the brain, including optic
fibers of the RHT. Because the RHT seems to originate from a
subset of retinal ganglion cells distinct from those that give rise to
the major visual projections to the SC and LGN (Pickard, 1982;
Pickard et al., 1982; Card et al., 1991; Moore et al., 1995), the
demonstration that SHT, g presynaptic receptors are common to
the majority of optic fibers would indicate that the morphological
type of retinal ganglion cell does not define the population of
ganglion cells that synthesize SHT, presynaptic receptors. The
data also suggest that SHT, g receptors are not located on all
retinal ganglion cells. The inability of TFMPP to eliminate all
light-induced Fos expression in the SCN at a dose higher than that
necessary to completely inhibit light-induced behavioral phase
shifts (10 mg/kg) suggests that a subset of RHT axons projecting
to a restricted region of the SCN continue to release neurotrans-
mitter in response to photic stimulation of the retina. Our inability
to detect a change in SHT,; binding in the SCN after monocular
enucleation may indicate compensatory changes in SHT, 5 binding
sites (pre- or postsynaptic) in the SCN after removal of one eye,
or it may simply reflect a level of reduction in SHT, ; binding sites
that borders the limits of the resolution of our assay.

Activation of SHT, g receptors causes the inhibition of neuro-
transmitter release. In the hippocampus, SHT, g receptors located
on cholinergic terminals inhibit acetylcholine release (Maura and
Raiteri, 1986); in the midbrain, activation of SHT,y receptors
inhibits GABA release onto dopamine-containing neurons (John-
son et al., 1992), and in the cingulate cortex, SHT, receptors
presynaptically inhibit the release of excitatory amino acids at
synapses onto prefrontal pyramidal neurons (Tanaka and North,
1993). Rhoades and co-workers have also presented evidence
from single unit recordings from the hamster SC demonstrating
SHT, 5 presynaptic inhibition of retinotectal excitatory amino acid
neurotransmission (Huang et al., 1993; Mooney et al., 1994).
There is now general agreement that the SHT,  receptor is localized
predominantly on axon terminals in the brain (Hen, 1992; Boschert
et al., 1994; Saudou and Hen, 1994; Doucet et al., 1995).

The synthesis of neurotransmitter receptors in retinal ganglion
cells followed by their retinofugal transport and subsequent in-
sertion into the presynaptic axon terminal is not a phenomenon
unique to the SHT,; receptor subtype. There is substantial evi-
dence that nicotinic acetylcholine receptors are synthesized in the
retina and transported to the optic tectum in the goldfish, frog,
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Representative photomicrographs illustrating the effect of systemic TFMPP administration on light-induced Fos expression in the SCN. Fos-ir

cells are distributed throughout the rostrocaudal SCN in the vehicle-injected animal after light stimulation at CT 19 (left). Pretreatment with 5 mg/kg
TFMPP completely eliminates light-induced Fos expression in the rostral SCN (right top) and much of the caudal SCN (right bottom). In the caudal third
of the SCN, however, a small population of SCN cells in the dorsolateral aspect of the nucleus continue to express Fos after light stimulation at CT 19,

despite pretreatment with TEMPP (right bottom).

and chick (Henley et al., 1986; Sargent et al., 1989; Brito et al.,
1992). Immunocytochemical localization of neuronal nicotinic
receptors has also been described in the entire visual system of the
rat, including the retina, optic nerve and tract, and all of the major
terminal fields of the optic nerve except the SCN (Swanson et al.,
1987). There is also electrophysiological data suggesting that
GABAg, receptors are located presynaptically on RHT terminals
in the SCN (Jiang et al., 1995). Interestingly, the GABAg receptor
agonist baclofen, injected systemically, also blocks light-induced
phase shifts of the hamster circadian activity rhythm (Ralph and
Menaker, 1989).

The ability of TFMPP applied directly to the SCN region to
block light-induced phase shifts, and the reduction in SHT,g
binding sites in the SCN after bilateral enucleation, suggests that
TFMPP acts at the level of the SCN to inhibit photic phase shifts
and is consistent with the activation of SHT,; receptors localized
on RHT axon terminals in the SCN. There is, however, very little
morphological evidence demonstrating SHT axo—axonic synapses

in the SCN. The number of SHT varicosities making conventional
synapses on somas and dendrites in the SCN is relatively high
(45%) compared with other regions of the visual system. Although
analogous to other retinorecipient regions, virtually no SHT axon
terminals have been reported to make axo—axonic synapses in the
SCN (Kiss et al., 1984; Bosler and Beaudet, 1985; Bosler, 1989),
but Ugrumov and colleagues (1994) recently described SHT-
immunopositive axons establishing axo—axonic synapses in the
SCN of the young rat. Despite the paucity of data illustrating
conventional SHT axo—axonic synapses in the SCN, the synaptic
organization of SHT axon varicosities in retinorecipient structures
such as the SCN and SC seems to be in accord with the well
documented observation in the cerebral cortex that SHT varicos-
ities are rarely engaged in morphologically differentiated synaptic
junctions (Smiley and Goldman-Rakic, 1996). In the SCN as well
as in the cerebral cortex, however, SHT varicosities are frequently
observed to be in apposition to non-5HT axonal terminals, and
thus these appositional contacts may provide the structural basis
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Figure 12. Dose-dependent effect of systemic administration of TFMPP
on light-induced Fos expression in the SCN. Data represent the mean *=
SEM of three to five animals/TFMPP group. The number of light-
stimulated Fos-ir cells in the SCN is significantly reduced at TFMPP doses
of 0.5 mg/kg and higher ( p < 0.05) relative to the vehicle (0 mg/kg) group
(n = 9). TFMPP alone did not induce Fos expression in the SCN (not
shown).

for the presynaptic control of other transmitters by SHT (Beaudet
and Descarries, 1978; Seguela et al., 1989). The recent production
of an antibody directed against the mouse SHT, receptor will
provide a useful tool for identifying these receptors on axon
terminals in the SCN (Grimaldi et al., 1995).

Fos expression in the SCN after light exposure at night repre-
sents a cellular correlate of the behavioral response of the SCN
circadian oscillator to light (Rea, 1989; Aronin et al., 1990; Col-
well et al., 1990; Kornhauser et al., 1990; Rusak et al., 1990; Rea
et al., 1993a,1993b) and seems to be required for photic phase
shifting (Wollnik et al., 1995). The ability of TFMPP to inhibit
light-induced Fos expression in the SCN in a dose-dependent
manner indicates that the site of action of this compound is
“upstream” of the signal transduction processes that lead to c-fos
expression and is consistent with a presynaptic site of action on
RHT terminals. Several lines of investigation suggest that excita-
tory amino acids mediate fast excitatory neurotransmission at
RHT synapses in the SCN (Kim and Dudek, 1991; Castel et al.,
1993; Rea et al., 1993a,b); several glutamatergic receptor antag-
onists applied systemically or locally in the SCN region block the
phase-shifting effects of light on locomotor activity and reduce Fos
expression in the SCN (Colwell et al., 1990; Abe et al., 1991;
Vindlacheruvu et al., 1992; Rea et al., 1993a; Mikkelsen et al.,
1995). These antagonists, however, fail to completely eliminate
Fos expression in the SCN, with the remaining Fos-expressing
cells localized to a discrete region in the dorsolateral aspect of the
caudal SCN (Abe et al., 1991; Vindlacheruvu et al., 1992), very
similar to the dorsolateral region of the SCN noted in the present
study where light-induced Fos expression remains despite pre-
treatment with TFMPP. Taken together, these results suggest that
a small subset of retinal ganglion cells innervating the dorsolateral
portion of the caudal SCN may be neurochemically distinct from
the remainder of the retinal ganglion cells comprising the RHT.
Indeed, Treep and co-workers (1995) suggested recently that the
dorsolateral SCN may receive selective input from retinal gan-
glion cells that send bifurcating axonal projections to both the
SCN and IGL (Pickard, 1985). Moreover, the SCN localization of
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the calcium binding protein calbindin corresponds to this dorso-
lateral region of the caudal SCN in the hamster (Silver et al.,
1996). Thus, it seems that the dorsolateral aspect of the caudal
SCN of hamsters is neurochemically and neuroanatomically dis-
tinct from the remainder of the nucleus and is innervated by a
specific subset of RHT axons.

In summary, the present findings suggest that activation of
SHT, g receptors located on retinal axon terminals in the SCN
inhibit the effect of light on circadian phase and on Fos expression
in the SCN. We therefore propose that SHT,; receptors play an
important role in the modulation of retinal input to the SCN by
serotonin.
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