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Abstract The brain’s biological clock, which, in mam-Keywords PACAP - Glutamate - Substance P -
mals, is located in the suprachiasmatic nucleus (SCNglanopsin - Suprachiasmatic nucleus - Circadian
generates circadian rhythms in behaviour and physiotbythm - Entrainment
gy. These biological rhythms are adjusted daily (en-
trained) to the environmental light/dark cycle via a
monosynaptic retinofugal pathway, the retinohypothktroduction
lamic tract (RHT). In this review, the anatomical and
physiological evidence for glutamate and pituitary ad€he mammalian biological clock is located in the hypo-
nylate cyclase-activating polypeptide (PACAP) as prindhalamic suprachiasmatic nuclei (SCN), which in the rat
pal transmitters of the RHT will be considered. A combgonsist of a heterogeneous group of approximately
nation of immunohistochemistry at both the light- antB,000 neurons (van den Pol 1980). The SCN drives di-
electron-microscopic levels and tract-tracing studiesnal changes in physiology and behaviour, such as hor-
have revealed that these two transmitters are co-storethone secretion, temperature and the sleep-waking cy-
a subpopulation of retinal ganglion cells projecting tes, in a predictable manner thereby preparing the body
the retino-recipient zone of the ventral SCN. THer oncoming events and demands (Klein et al. 1991).
PACAP/glutamate-containing cells, which constitute thhen examined under constant conditions (constant
RHT, also contain a recently identified photoreceptdarkness or constant light), the endogenous rhythms
protein, melanopsin, which may function as a “circadialtiven by the clock oscillate with a period length close to
photopigment”. In vivo and in vitro studies have show2¥ h (Latincirca + dies= circadian). Consequently, the
that glutamate and glutamate agonists sudi-agethyl- clock needs daily adjustment (entrainment) to be syn-
D-aspartate mimic light-induced phase shifts and that &hronized with the astronomical day length. Without en-
plication of glutamate antagonists blocks light-inducacthinment, the endogenous rhythms will be “free run-
phase shifts at subjective night indicating that glutamatieig” resulting in a daily shift in rhythmicity depending
mediates light signalling to the clock. PACAP in nan@n the length of the endogenous period. Two types of
molar concentrations has similar phase-shifting capaciggitgebers” (photic and non-photic cues) act on the
as light and glutamate, whereas PACAP in micromolelock and are important for its daily entrainment. The
concentrations modulates glutamate-induced phasest powerful zeitgeber known is the environmental
shifts. Possible targets for PACAP and glutamate are tight/dark cycle that arises because of planetary rotation.
recently identified clock gend2erlandPer2 which are Photic information is processed by the retina and reaches
induced in the SCN by light, glutamate and PACAP tte brain via the optic nerves. The signalling pathway to
night. the circadian timing system mediating the light entrain-
ment of the clock is, however, anatomically and func-
tionally different from the neural pathway used for vi-
sion. The retinal projection innervating the circadian
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(Johnson et al. 1988a). Retinal projections also reagh,roanatomical studies
other parts of the circadian timing system, such as the in-
tergeniculate leaflet (IGL) of the lateral geniculate condentification of the RHT
plex (Pickard 1985). Cells in the IGL integrate photic
and non-photic information and project to the SCN prdhe RHT is an anatomically and functionally distinct re-
viding feedback regulation of the pacemaker via the gdimofugal pathway mediating the photic entrainment of
iculo-hypothalamic tract (Moore 1995). Photic informasircadian rhythms. During the first part of the twentieth
tion from the RHT is also modulated within the SCN bgentury, several investigators described a retinohypotha-
non-photic input via neural projections originating maidamic projection but it was Moore and Lenn (1972) and
ly from the median raphe nucleus of the midbrain (ReaHndrickson et al. (1972) that conclusively verified a di-
al. 1994; Pickard et al. 1996, 1999; Meyer-Bernstein arett projection to the SCN by using injection of tritiated
Morin 1996; Meyer-Bernstein et al. 1997). At least orleucine or proline into the posterior chamber of the eye
of the photoreceptors mediating photic information followed by autoradiographic visualization. These pio-
the circadian timing system is functionally different fromeering studies were subsequently confirmed by investi-
the classical photoreceptors used for vision (von Schagations using the subunit B of cholera toxin (ChB) as an
et al. 2000). These observations are based on findingariterograde tracer. By injecting a conjugate of ChB and
mice lacking the classical photoreceptors, i.e. rodisd horseradish peroxidase (CT-HRP) into the vitreous body
mice) or both rods and conasl/fd/cl mice). These mice of the eye, the RHT projections have now been demon-
strains are visually blind as a result of severe degenestsated in several mammalian species (Pickard and
tion of the retina but retain the ability to entrain to thgilverman 1981; Johnson et al. 1988b; Levine et al.
light/dark cycle (Foster et al. 1991; Freedman et 4P91; Murakami et al. 1989; Murakami and Fuller 1990;
1999) most likely due to an intact RHT (Provencio et aWlikkelsen 1992; Cooper et al. 1993; Tessonneaud et al.
1998). The photopigment mediating light information t9994). Recently, a RHT projection has also been shown
the clock is not known (see Bellingham and Foster 200@)humans by means of post mortem in vitro tracing with
but a good candidate for a “circadian photopigment” isnaurobiotin (Dai et al. 1998). These studies have demon-
recently identified opsin, melanopsin (Provencio et &ltrated that the major part of the RHT projection termi-
2000), which is exclusively expressed in the ganglimates in the SCN. In the rat, this projection forms a dense
cells of the RHT (Hannibal et al. 2002; Hattar et aggregation of nerve fibre terminals at the chiasmal bor-
2002; Gooley et al. 2001). Until recently, the primarger and a dense plexus in the ventro-lateral part of the
neurotransmitter of the RHT was considered to be tBEN. Only a few terminals are present in the medial por-
excitatory amino acid glutamate (for reviews, see Eblitign of the SCN (Fig. 1). In species such as the rat, the
1996; Rea 1998). A few years ago, the widespread nRIAT projects mainly to the contralateral SCN, whereas
ropeptide pituitary adenylate cyclase activating polypeip-the hamster, mouse and blind mole rat, the contralater-
tide (PACAP; Vaudry et al. 2000) was found to be cal and ipsilateral projections are approximately equal
stored with glutamate in the rat RHT (Hannibal et glJohnson et al. 1988b; Levine et al. 1991; Mikkelsen
2000). Functional studies have provided evidence tH&92; Cooper et al. 1993; Abrahamson and Moore
PACAP alone or in concert with glutamate is involved i#001). The functional significance of this species differ-
light signalling to the clock (Harrington et al. 1999ence is unclear. In addition to the SCN, the RHT projects
Chen et al. 1999; Nielsen et al. 2001). to the anterior hypothalamic area, the retrochiasmatic ar-
To be established as a neurotransmitter of the Rl and the lateral hypothalamus. Projections are also
mediating light signalling to the circadian timing systerfipund in the perifornical area, dorsal hypothalamus and
a substance should fulfil the following criteria: (1) izona incerta (Johnson et al. 1988b; Levine et al. 1991;
should be located in the RHT, (2) it should be releasiikkelsen 1992). Retinal projections considered as part
by light stimulation, (3) it should affect the cells of thef the RHT also reach several thalamic nuclei and the
SCN similar to light (i.e. it should phase-shift the endogmygdaloid complex. Of these projections, which seem
enous rhythm, change the electrical activity of SCN neto- be axonal collaterals from the RHT (Pickard 1985),
rons and stimulate signalling pathways mediating lighte projections to the IGL and the pretectum seem to be
induced phase shift) and (4) its effects should be blockawportant for the circadian timing system (Johnson et al.
by specific antagonists. This review focuses on potentl&89; Mikkelsen and Vrang 1994).
neurotransmitters of the RHT in the light of the above- Neonatal rats and hamsters treated with mono-sodium
mentioned criteria. A description of the molecular cogiutamate show severe retinal degeneration and visual
clock, which is the target for the light-induced phad#indness but retain their ability to entrain to light
shift is described in detail elsewhere (Reppert affdickard et al. 1982; Chambille and Serviere 1993).
Weaver 2001; King and Takahashi 2000; Okamura et Bhese observations suggest that a distinct subset of reti-
2002; Stanewsky 2002). nal ganglion cells gives rise to the RHT and have been
confirmed by retrograde tracing experiments with horse-
radish peroxidase injections into the SCN. This approach
(Pickard 1980, 1982; Pickard and Silverman 1981;
Murakami et al. 1989) has revealed that the ganglion
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cells projecting to the SCN of hamster and cat resemble
ganglion cells classified as type Ill or W according to
Perry (1979). These findings have been corroborated by
transneural infection with a mutant strain of the swine al-
pha herpes virus, the Bartha strain of pseudorabies virus
(PRV-Bartha; Moore et al. 1995). When injected intraoc-
ularly, PRV-Bartha seems to have a special preference
for the ganglion cells giving rise to the RHT. After repli-
cation, the virus is transported anterogradely to the SCN
and infects neurons in the retino-recipient zone. By
trans-synaptic spread, the virus is then taken up by axon
terminals within the SCN and transported retrogradely to
the contralateral retina. Here, the virus spreads in a time-
dependent manner (Card et al. 1991). At the optimal
time point of the infection (in rat, 85-90 h after injection
of the virus into the eye), a homogeneous subset of reti-
nal ganglion cells is labelled (Moore et al. 1995). The in-
fected ganglion cells are widely distributed and display
sparsely branching processes. These neurons, whose
number is even smaller than that of neurons visualized
by the injection of retrograde tracers such as HRP and
FluoroGold into the SCN, establish the RHT (Moore et
al. 1995). The same approach has enabled the RHT to be
visualized in normal and in visually blindd(rd mutant)
mice (Provencio et al. 1998). These blind mice are able
to entrain to light despite the lack of rods and cones
(Foster et al. 1991).

Neurotransmitters of the RHT
Glutamate

There is accumulating evidence that glutamate is a neu-
rotransmitter of the RHT (for a review, see Ebling 1996).
Several studies have demonstrated glutamate immunore-
activity in nerve terminals of the SCN. Using post-em-
bedding techniques and electron microscopy, van den
Pol was the first to show glutamate immunoreactivity
within presynaptic nerve terminals in the rat SCN, al-
though their origin was not identified (van den Pol and
Tsujimoto 1985; van den Pol 1991). This issue was ad-
dressed a few years later by De Vries et al. (1993) who
used intraocular injection of CT-HRP and post-embed-
ding immunohistochemistry with colloidal gold particles
to show that, for the rat, the retinal nerve terminals dis-
played a significantly higher content of glutamate immu-
noreactivity than the postsynaptic dendrites and non-reti-
nal terminals. Similar results were obtained in mice
(Castel et al. 1993). Using pre-embedding techniques
and double immunohistochemistry at both the light- and

Fig. 1A-D Photomicrographs of four sections through the rat
SCN in the rostro-caudal direction showing the retinohypothalam-
ic projection following immunohistochemical staining of the an-
terograde tracer cholera toxin subunit B with biotinylated second-
ary antibodies and biotinylated tyramide/avidine-biotin-peroxidase
and diaminobenzidine as amplificatiadvthird ventricle,oc optic
chiasma)Bar 400 um
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Fig. 2A-D Double immunostaining of PACAP and glutamate iPACAP and glutamate in the suprachiasmatic nucleus of the rat.
the retina and suprachiasmatic nucleus of IRt {nner plexiform PACAP was visualized by the use of horseradish-peroxidase-la-
layer; ONL outer nuclear layeiNL inner nuclear layeiGCL gan- belled antibodies with tyramide amplification. Glutamate was
glion cell layer; Neu neuron). Fluorescence photomicrographdemonstrated by the use of 1-nm gold-labelled antibodies. The
showing double immunostaining of PACAR)(and glutamateB) gold particles were later silver-intensified.Low-power electron

in a sagittal section of rat retina. PACAP immunoreactivity wasicrograph of PACAP-immunoreactive nerve terminals. Several
co-localized with glutamate in a subpopulation of glutamate-irof these nerve terminals are also immunoreactive for glutamate
munoreactive ganglion cells. Glutamate-positive cells were algorows). D High-power electron micrograph of a double-labelled
located in the inner nuclear layeiN[) from which processes nerve terminal making an axodendritic synapse. Several silver-in-
were observed to project towards the outer plexiform laBgr (tensified gold particles are preseatrows). Bars 50 um @, B),

C, D Electron micrographs showing double immunostaining f&um C), 1 um Q). Modified from Hannibal et al. (2000)
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Fig. 3A-D PACAP staining in the retina and SCN in watPhoto- forms: PACAP-38 consisting of 38 amino acids and
e T el o FCA acase cital gaEACAP-27, the C-terminally uncated form. PACAP-33
glion gells in the superior part of the retina and the axon pr%j _the dominant form in tlssugs (Hanmbal et a.l' 1995,
tions towards the retinal papillB—D Three rostro-caudal sections1998; Fahrenkrug and Hannibal 1996; Hannibal and
through the rat SCN stained for PACAP. PACAP-immunoreactifeahrenkrug 2000). By use of a specific mouse monoclo-
flibres in thfogCN Corg%Splang.ft,Odthfe RHJ pfc?ki)e?tiﬁﬂalle bsgs nal antibody, PACAP was identified in nerve terminals
zorgg; vﬁzh permﬁ;nsign fr)ém gotjlr(re'lal (r)?“eu?gsnéieanceet o " within t.he SCN and in a poPu'.atlon.Of retinal gar]gllon
cells (Fig. 3). Tract-tracing studies with ChB and bilater-
al enucleation have indicated that PACAP immunoreac-
tivity is located in the RHT (Hannibal et al. 1997,
electron-microscopical levels, we recently demonstrat2d01a). This has been confirmed in whole-mount prepa-
that, in the rat, glutamate is co-stored with PACAP mations of rat retina by using PRV-Bartha virus tracing
RHT-projecting ganglion cells and their terminaland double immunohistochemistry for PACAP: virus-
(Fig. 2; see also below and Hannibal et al. 2000). containing retinal ganglion cells have been shown to be
PACAP immunoreactive (Fig. 4; see also Hannibal et al.
2001a) indicating that PACAP-containing retinal gangli-
PACAP on cells constitute the RHT projection to the SCN. Inter-
estingly, the PACAP-containing RHT persists in rats that
PACAP is a neuropeptide of the vasoactive intestif@ve been neonatally blinded by mono-sodium glutamate
polypeptide (VIP)/secretin family of regulatory peptideseatment, although the amount of PACAP is reduced by
and is widely distributed in the central and peripherdie treatment (Hannibal et al. 2001a).
nervous system (for reviews, see Vaudry et al. 2000; Ari-
mura 1998). PACAP is found in two biologically active
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A

Fig. 4 Confocal laser scanning images showing co-localization 8uybstance P
PRV-Bartha virus A) and PACAP B) and PRV-Bartha/PACAP

(C) in a whole-mount preparation of rat retina. Animals receiv
an intravitreal injection of virus 85-90 h before fixatidBar Lubstance P (SP) has also been suggested as a neuro-

50 um (see also Hannibal et al. 2001b) transmitter of the RHT. This undecapetide is widely dis-
tributed (Halliday et al. 1995) and is considered to be a
neurotransmitter in both the central and the peripheral

Co-existence of PACAP and glutamate nervous systems (Harrison and Geppetti 2001). SP im-
munoreactivity within the SCN varies among species. In

By using double immunofluorescence and polyclonal afouse and hamster, only a few SP-immunoreactive

tibodies against L-glutamate in combination with Berve fibres and cell bodies are located in the SCN

mouse monoclonal PACAP antibody, PACAP was fourtgiggins et al. 2001a; Abrahamson and Moore 2001). In
to be co-stored with glutamate in a subpopulation of gm.e rat, SP-immunoreactive cell bodies and nerve fibres
tamatergic retinal ganglion cells and in nerve termind&e confined to the ventral part of the SCN. The nerve fi-
in the ventro-lateral SCN (Fig. 2; see also Hannibal et Bfes have been suggested to originate from the eye be-

2000). The co-localization of PACAP and glutamate fRuse their number decreases after enucleation (Takatsuii

the same axon terminals was confirmed by ultrastructgf-al- 1991; Mikkelsen and Larsen 1993). However, these

al studies using pre-embedding techniques and doupservations have not been confirmed by other studies
immunostaining with a combination of biotinylated tyr{Otori et al. 1993; Hartwich et al. 1994; Hannibal and

amide-diaminobenzidine (DAB) and silver-intensifiefrahrenkrug 2002). This discrepancy has raised the ques-
gold-labelled antibodies. These results demonstrated @ as to whether the SP fibres belong to the RHT or re-

PACAP and glutamate are co-stored in retinal termin®esent intrinsic fibres originating from SP perikarya in

in the retino-recipient zone of the SCN (Fig. 2C, D; séae ventral SCN (Mikkelsen and Larsen 1993; Piggins et
also Hannibal et al. 2000). al. 2001a). This issue has been recently addressed by the

injection of ChB into the eye and the simultaneous im-
munocytochemical demonstration of this anterograde

Other neurotransmitters of the RHT tracer, PACAP and SP. The results have demonstrated
that SP-immunoreactive fibres in the rat SCN do not
Excitatory amino acids originate from the eye. In this context, it is also notewor-

thy that the SP immunoreaction is located in amacrine

Apart from glutamate, a number of closely related mofd0d displaced amacrine cells but not in retinal ganglion
cules and derivates may also function as neurotransmitf&@s _containing PACAP immunoreactivity (Hannibal
of the RHT. Of these molecules, L-aspartate and N-ace§jid Fahrenkrug 2002). Functionally, SP has been shown
aspartylglutamate (NAAG) are the best studied. Opf phase-shift the endogenous rhythm in vitro (Shibata et
nerve stimulation increases the concentration of L-aspdk-1992; Kim et al. 2001), whereas the results from in
tate in the SCN (Liou et al. 1986), and the injection of ¥iVO injection of SP and/or antagonists are conflicting
aspartate into the SCN results in minor phase advafigi¥9ins and Rusak 1997; Challet et al. 1998). Neverthe-
during subjective day (De Vries and Meijer 1991). TH&SS, a modulatory role of SP in light-induced phase
presence of L-aspartate has been shown within cells of$hting is likely, irrespective of whether SP is an intrin-
SCN but, so far, L-aspartate has not been demonstratediGPr an afferent neurotransmitter in the SCN (Kim et al.
the RHT (Csaki et al. 2000). On the other hand, NAAGQ01).

which can act as an endogenous ligand for glutamate re-

ceptors, has been found in the RHT (Moffett et al. 1990)

but its physiological significance remains to be clarified.
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Neurotransmitter receptors in the SCN known. Previous studies in retinally degenerated mutant
mice lacking rodsr@/rd; Foster et al. 1991) and both
Glutamate receptors rods and conesrdta/cl; Freedman et al. 1999) have

demonstrated that the classical photoreceptor cells, the
Glutamate is the endogenous ligand for a large familyrods and cones, are dispensable for the circadian light
receptors belonging to two families: the ionotropic glutaesponse (von Schantz et al. 2000). Similarly, many
mate receptors, viAN-methylo-aspartate (NMDA) and blind people lacking conscious perception of light ex-
non-NMDA and the AMPA and kainate-preferring rehibit normal photic entrainment of the circadian rhythm
ceptors, and the metabotropic glutamate receptors, (@zeisler et al. 1995). Two photopigments have been
G-protein-coupled receptors. NMDA, non-NMDA andonsidered as “circadian photopigments”, the crypto-
metabotropic receptors have all been identified withahromes and melanopsin. The vitamigHiased crypto-
the SCN by radioligand binding, in situ hybridizatioehromes CRY1 and CRY2 are found in the mammalian
histochemistry and immunohistochemistry (for a reviewgtina (Miyamoto and Sancar 1999). Studies with
see Ebling 1996). Subtypes of NMDAR1C are expresdatbck-out mice lacking one or bot@iry genes have
in the entire SCN, whereas NMDAR2C is restricted ghown that the CRY molecules are important as central
the dorso-medial SCN. The localization raises questiaisck core components but not necessary for photic sig-
regarding the role of NMDAR2C in photic entrainmemntalling to the brain (Vitaterna et al. 1999; van der Horst
(Ebling 1996). mRNAs encoding the AMPA (GIuR1, thet al. 1999). Action spectrum analyses for light entrain-
GluR2 and the GluR4), the kainate (GIuR6 and GluRif)ent of locomotor activity suggest that an opsin-based
and the metabotropic (mGIuR1 and mGIuR5) receptaisotopigment with an absorption peak around 500 nm is
have also been demonstrated within the SCN (Ebliresponsible for circadian photoentrainment in mammals
1996; for functional data, see Kopp et al. 2001). (Provencio and Foster 1995; Takahashi et al. 1984;
Bellingham and Foster 2002). Melanopsin is a newly
discoverd photopigment recently found in the inner reti-
PACAP receptors na (Provencio et al. 2000). It belongs to one of four op-
sins expressed outside the retinal photoreceptor layer.
PACAP exerts its function via two classes of G-protei@ur recent finding that melanopsin is exclusively ex-
coupled receptors. (1) The type | receptor correspondipmgssed in the PACAP-containing retinal ganglion cells
to the PACL1 receptor is coupled to adenylate cyclabat constitute the RHT suggests that melanopsin is a
and phospholipase C depending on the splice variaitadian photopigment (Fig. 5, see also Hannibal et al.
(Spengler et al. 1993) and binds PACAP with a 1000002). Melanopsin expression has been demonstrated by
fold higher affinity than VIP. (2) The type Il receptoin situ hybridization with melanopsin cRNA probes and
corresponding to the VPAC1 and VPAC2 receptors binblg immunohistochemistry using specific antibodies
PACAP and VIP with equal affinity and is coupled maimaised against a fusion protein containing the C-terminal
ly to adenylate cyclase (Harmar et al. 1998). The typepkrt of mouse melanopsin (Hannibal et al. 2002). In co-
receptors have a relatively restricted distribution withlocalization studies the density of ganglion cells con-
the CNS (Usdin et al. 1994; Vaudry et al. 2000; Shewardning melanopsin and PACAP has been found in a
et al. 1995), whereas the PACL1 receptor is widely distrilange of 31 to 39 cells/mArin the superior half of the
uted in the brain and spinal cord (Vaudry et al. 200@tina and 5 to 9 cells/m#in the lower half of the reti-
Shioda et al. 1997; Hashimoto et al. 1996). In situ hybrida. The functional significance of this distribution pat-
ization studies have demonstrated the PAC1 (Hannibatesnh remains to be determined (Hannibal et al. 2002).
al. 1997; Cagampang et al. 1998a) and the VPAC2 (LiMelanopsin immunoreactivity has been located at the
et al. 1993; Sheward et al. 1995; Cagampang et @lrface of the perikarya and the dendritic processes of
1998b) but not the VPAC1 receptor in the SChietinal ganglion cells, thereby increasing the light per-
(Sheward et al. 1995; Usdin et al. 1994). The expressamiving area of the cell (Fig. 5).
of both PAC1 and VPAC2 receptor mRNAs in the SCN Although the functional role of melanopsin as a circa-
show a circadian rhythm with a low amplitude witklian photopigment remains to be established, we recent-
peaks during subjective day and mid subjective nidiitfound that white light induces fos immunoreactivity
(Cagampang et al. 1998a) and mid to late subjective dayPACAP-containing retinal ganglion cells. This immu-
and late subjective night (Cagampang et al. 1998b), nereactivity is sustained only in the PACAP-containing
spectively. So far, little is known about the phenotype idtinal ganglion cells as long as light is turned on (Fig. 6,
SCN cells expressing the two receptors. see also Hannibal et al. 2001a) suggesting that these
cells are directly photosensitive possibly via activation
of the melanopsin photopigment. This notion is support-
Photopigments in the retina responsible ed by electrophysiological studies of the flat-mount in
for light signalling to the SCN vitro preparation of rat retina (Berson et al. 2002; Hattar
et al. 2002). In these experiments, SCN-projecting gan-
The photopigment responsible for light activation of ttgdion cells identified by retrograde tracing respond to
RHT and its cellular localization in the retina is urlight, despite a chemical blockade of synaptic transmis-



80

Fig. 6 Confocal laser scanning image showing co-localization of
PACAP-IR (ed) and cfosIR (greer) in retinal ganglion cells in a
retinal whole-mount from a rat kept in constant light for 19 h.
PACAP and dosimmunoreactivities are completely co-localized
in the ganglion cellBar 50 um. See also Hannibal et al. 2001a

sion (Berson et al. 2002). Furthermore, the light response
does not reflect electric coupling to rods and cones be-
cause the SCN-projecting cells are sustained in a depo-
larizing state and not in a hyperpolarizing state as are the
ganglion cells coupled to rods and cones. This indicates
that such retinal ganglion cells are directly photosensi-
tive. Together with the demonstration of melanopsin im-
munoreactivity in SCN-projecting ganglion cells (Hattar
et al. 2002), the results point towards melanopsin as be-
ing a good candidate for a photopigment involved in
light signalling to the circadian timing system.

Behavioural and physiological studies

Before considering the functional data concerning poten-
tial neurotransmitters of the RHT, the effects of light
stimulation on the circadian timing system will be brief-
ly discussed. The physiological properties of a “photo-

Fig. 5A-D Melanopsin is exclusively located in PACAP-immu-
noreactive retinal ganglion cell&—C Low-power confocal laser
scanning photomicrographs showing a randomly selected part of
the retina double-immunostained for melanopgii PACAP B)

and melanopsin/PACAPC). D High-power photomicrograph
showing double-immunostaining of melanopsigreen and
PACAP (ed) in the same ganglion cells of whole-mount retina.
Note the punctate melanopsin immunoreactivity on the surface of
the cell body and processéssertin D shows high magnification

of a melanopsin/PACAP-containing dendriBars 100 um A-C),

20 pm P). From Hannibal et al. (2002) with permission from
Journal of Neuroscience



81

A B
E 3
3
¥
1z
Hamsier
£
ol
£
—
1
3 _ M carcadan lime ()
A '
L
T 2
& 5
.T.

g

Fig. 7 A Schematic presentation of the activity rhythm of a noshortt as is found in the mouse tend to be more delayed
turnal animal where eadiorizontal linerepresents the activity of 5nd/or less advanced than slow pacemakers with arlong

the animal in 1 day. The animal was entrained to a light/dark phg- - : ; .
toperiod (D) as representedbovethe record. The animal was  is found in rat and hamster (Fig. 7; see also Daan and

then released into constant darkneB®), the activity rhythm Pittendrigh 1976). ] o
now being “free-running”. During the free-running period, the ani- A candidate neurotransmitter mediating the effects of
mal experienced light pulses during subjective dgydarly sub- |ight in the RHT should be released from the nerve ter-

jective night ) and late subjective nigh8). The light pulse giv- = ; ; ;
en during the day had little or no effect on the phase of the end nals in the SCN and affect the phase of the circadian

enous rhythm, whereas a light pulse given at early subjective nigfcemaker similar to light. Antagonists to the transmitter
resulted in a phase delay of the overt rhythm (indicate®ibyA receptor should decrease or block the light-induced ef-

andB). A light pulse given at late subjective night resulted infects, such as phase shifts. These issues have been ad-

phase advance of the overt rhythm (indicated3b A andB). §ressed in detail for glutamate by using in vivo and in
B Complete phase response curve to light stimulation durin

24-h period. Phase delays are plotted in the negative directionqéﬁﬁo models (see Ebling 1996) and to a minor extent for
phase advances in the positive direction. fibezontal axisin B PACAP. The end-point parameter determined in most in

represents one circadian day. Note the species differences invigo experiments is the behavioural phase shift in
sponse to light stimulation. Modified from Meijer and Rietve"i’unning—wheel activity (for a description of the method,
(1989) and Daan and Pittendrigh (1976) see Pittendrigh and Daan 1976). Moreover, light-induc-
ible genes, such as the immediate-early-geifies (cf.
Kornhauser et al. 1996) or clock genes (cf. Chang and
entrainment” system is the ability of daily adjustment &eppert 2001), and phosphorylation of the transcription
the endogenous period length (i.e. free-running penjodfactor cAMP responsive element binding protein
to the astronomical 24-h day length. To fulfil these crit¢cREB; Ginty et al. 1993; Obrietan et al. 1999) and the
ria, the phase shifts induced by light stimulation shoudsttracellularly regulated kinase p44/42 mitogen-activat-
have a size [amplitud&g(g)] that adjusts this deviationed protein kinase (ERK/MAPK; Obrietan et al. 1998)
[Ap(@)=T1-T, where T always equals 24 h; Daan andthave been analysed in the SCN. These molecules seem
Pittendrigh 1976]1 is a unique property of the circadiano be important elements of the light signalling pathways
pacemaker and varies among individuals and sped@she clock, because they are rapidly induced/phosphor-
(Pittendrigh and Daan 1976; Summers et al. 1984ated in the SCN by light. In vitro brain-slice prepara-
Wright et al. 2001). Similarly, the phase-response curw@&mns containing the SCN (Gillette 1986) have been use-
to light (PRC) obtained by light stimuli applied during &l in studying the phase-shifting effects of various neu-
24-h period to animals kept under constant darkness @teansmitters (and agonists). Brain slices in which the
species-dependent (Fig. 7B). The general pattern dgtic nerve is left in situ and electrically stimulated have
however, that light causes a phase delay when applieén used to study the effects of various blockers of the
during late subjective day and early subjective nigiRHT transmitters (for a review, see Ebling 1996). Re-
whereas light applied between late subjective night agehtly, the model has also proved useful for examining
early subjective day phase-advances the endogenciisnges in clock gene expression after application of
rhythm. Light given during the subjective day has littlRHT transmitters (Nielsen et al. 2001).
effect on the phase (Fig. 7). In short, the response to a re-
setting light stimulus at a given phase of the rhythm is
correlated with the individual; fast pacemakers with a
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Is glutamate released from the RHT? agonists. This induction is seen in the ventro-lateral SCN
and can be reduced markedly by adding a glutamate
The extracellular concentration of glutamate and aspantagonist before the light pulse (reviewed by Kornhaus-
tate in hamster SCN was shown, by in vivo microdialer et al. 1996; Rea 1998). The inductiorcdbsis, how-
sis, to change during the 24-h light/dark cycle, with tlever, not necessarily linked to a light-induced phase shift
highest level being found during the dark phase (Glasgldbnrado et al. 1996; Hannibal et al. 2001b). At certain
al. 1993; Rea et al. 1993). However, these results hatiivee points in the night, light inducesfos but this in-
low resolution because of the sensitivity of the techniqdaction is not followed by a phase shift (Sutin and
and may not necessarily be related to differential amikdduff 1992). Recently, light has been shown to stimu-
acid release from RHT nerve terminals. Using an in vitlate the ERK/MAPK and the CREB signalling pathways
approach and tritium-labelled amino acids, Liou et a@h the SCN. These effects are attenuated by a glutamate
(1986) have demonstrated that stimulation of the op#intagonist (PD 98059) indicating that glutamate receptor
nerve causes the release3bfglutamate andH-aspar- activation is followed by the phosphorylation of ERK
tate from a brain slice containing the SCN. These findhd CREB (Obrietan et al. 1998). More recently, the
ings are supported by the demonstration that the actiglpck genederlandPer2have been attributed a role in
tion of SCN neurons by optic nerve stimulation cdight-induced phase shifts because they are rapidly in-
be blocked by the application of NMDA antagonistduced by light stimulation at those time points at which
(Shibata et al. 1986; De Vries et al. 1994). light phase-shifts the endogenous rhythm (Shigeyoshi et
al. 1997; Zylka et al. 1998; Albrecht et al. 1997; Yan et
al. 1999; Field et al. 2000; Akiyama et al. 1999). In vit-
Glutamate phase-shifts the endogenous rhythm ro, the expression of both genes in the SCN is induced at
late night by glutamate (Nielsen et al. 2001) and the glu-
In initial experiments, in vivo injections of L-glutamateéamate-induced phase shift of neuronal firing activity is
into or adjacent to the SCN failed to induce phase shiftecked by mPerl antisense-oligonucleotide treatment
in running-wheel activity as seen for light (for discugAkiyama et al. 1999).
sions of these results, see Meijer et al. 1988; Ebling
1996). In vivo application of NMDA to the SCN was,
however, recently shown to mimic light-induced phase PACAP released from the RHT?
shifts in the behavioural rhythm (Mintz and Albers 1997;
Mintz et al. 1999). Several in vitro studies with a braii few studies have addressed this issue by an indirect
slice model (Ding et al. 1994; Shibata et al. 1994) alapproach. In tissue extracts punched from the SCN, the
showed that the application of NMDA mimics light-infPACAP concentration is lower during the day than dur-
duced phase shift at night. All results support a role fiog the night. This variation seems to be diurnal, i.e. to
glutamate in light signalling to the clock. depend on the light/dark cycle, since no concentration
difference has been found in specimens from animals
kept in constant darkness (Fukuhara et al. 1997). The re-
Glutamate antagonist blocks light-induced phase shiftssults may suggest that PACAP is released during the day
and stored during the dark phase. As described below,
Further support for glutamate as a mediator of light iRACAP can phase-shift the electrical rhythm during the
formation to the circadian timing system comes from esubjective day in vitro (Hannibal et al. 1997). Using a
periments showing that NMDA and non-NMDA antagdiorizontal brain-slice preparation and optic nerve stimu-
nists block light-induced phase shifts at both early aladion with different stimulation frequencies, Burgoon
late night (Colwell et al. 1990, 1991; Colwell andnd Gillette (2000) have shown that, in the SCN, the
Menaker 1992). Moreover, evidence has been providdthse advance of the electrical activity that is induced at
that glutamatergic signalling pathways involve nitrimid subjective day is blocked by the application of the
oxide (Ding et al. 1994, 1997), phosphorylation apecific PACAP antagonist PACAP6-38, indicating that
CREB (Ding et al. 1997), calcium release via ryanodiACAP is released upon optic nerve stimulation. Recent-
receptor activation at early night (Ding et al. 1998) amy the light-induced phase shift has been found to differ
cGMP-dependent pathways at late subjective nididgtween homozygou®AC1 knock-out and wild-type
(Prosser et al. 1989; Gillette and Mitchell 2002). mice, suggesting that PACAP is released from the RHT
during light stimulation at night (Hannibal et al. 2001b).
This finding conforms to previous observations showing
Glutamate induces light-sensitive genes within the SClthat intracerebroventricular injection of specific neutral-
similar to light izing PACAP antibodies modulates the light-induced
phase advance (Chen et al. 1999).
Light induces the expression of several immediate-early
genes including-fosat time points at which light causes
a phase shift of the endogenous rhythm. Induction of
c-fos can be mimicked by the application of glutamate



83

PACAP phase-shifts the endogenous rhythm similar PACAP phase-shifts the endogenous rhythm similar
to light to dark pulses

Recent studies have shown that injection of PACAP intéhereas light stimulation affects the clock at night, dark
the SCN in vivo phase-shifts the endogenous rhythmpeflses presented during the subjective day phase-ad-
running-wheel activity (Harrington et al. 1999; Piggingance the endogenous rhythm similar to non-photic stim-
et al. 2001b) and the electrical firing activity in vitrauli (Hastings et al. 1998a). If animals are kept in con-
(Harrington et al. 1999) similar to light. Interestinglystant light and then exposed to a dark pulse (2-4 h) in
this effect of PACAP is dose-dependent, a maximal t&e middle of the subjective day, a phase advance of the
sponse being elicited by nanomolar concentrations. dndogenous rhythm is observed (Boulos and Rusak
micromolar concentrations, PACAP has no direct effet®82; Ellis et al. 1982). In our initial experiments with
on the phase (Hannibal et al. 1997) but it modulates #e in vitro rat brain-slice preparation, application of
glutamate-induced phase shift (see below and Chen ePAICAP in micromolar concentrations to the SCN caused
1999). a phase advance in the electrical firing rhythm during the

The role of PACAP as a mediator of light signallingubjective day but not during the subjective night. This
to the clock has further been supported by our receffect involved a cAMP/protein kinase-A-dependent
studies with knock-out mice lacking the PAC1 receptpathway (Hannibal et al. 1997). These observations were
(Hannibal et al. 2001b). Both wild-type and homozygoleter confirmed in the hamster (Harrington and Hoque
(PACL") mice appear to have an anatomically inta&®97; Harrington et al. 1999). One might speculate that
RHT projection to the SCN but show different circadiaihe change from light to darkness may cause a release of
behaviour during constant darkness and in responséPACAP from the RHT, thus explaining the phase ad-
light stimulation (Hannibal et al. 2001bPAC1- mice vance during subjective day. This assumption is support-
have a significantly shorter compared to wild-type ed by the ability of PACAP to stimulate the phosphoryla-
mice and responded to light stimulation at early nigtion of CREB during late subjective day (Kopp et al.
with a significantly higher sensitivity than wild-typel997; von Gall et al. 1998). It is also possible that
mice. As a result, the homozygous mice respond tdPACAP signalling from the RHT interacts with non-
light pulse given at early subjective night with an irphotic transmitters released in the SCN, since neuropep-
creased phase delay. In contrast to the wild-type mitide Y, an important neurotransmitter of the geniculo-hy-
light stimulation of homozygous mice at late subjectiy@thalamic tract mediating non-photic information to the
night results in a phase delay and not in a phase advaB¢aN (cf. Yannielli and Harrington 2001), blocks the
The findings suggest that PACAP signalling is involve@ACAP-induced phase advance during subjective day in
in the regulation of the clock sensitivity to light stimulavitro (Harrington and Hoque 1997).
tion and in the mechanism determining the direction of
the phase shift at late night (Hannibal et al. 2001b).

As previously mentioned, light entrainment of thBACAP interacts with glutamate signalling during
clock is believed to involve the induction offas light-induced phase shift
(Kornhauser et al. 1996) and the recently identified clock
genesPerlandPer2(Shigeyoshi et al. 1997; Zylka et alThe functional significance of the co-existence of
1998; Albrecht et al. 1997; Yan et al. 1999; Field et &#ACAP and glutamate in the RHT is not fully under-
2000; Akiyama et al. 1999), because these genes are ségad. PACAP has been reported to modulate glutamate-
idly induced in the SCN by light stimulation at thosgagic signalling in the SCN (Chen et al. 1999; Kopp et al.
time points at which light phase-shifts the clock. Cor2001). In an in vitro brain-slice model, Chen et al.
pared with wild-type mice, mice lacking tRAClrecep- (1999) showed that PACAP when applied in micromolar
tor show larger phase delays in response to light butancentrations together with glutamate at early night po-
marked attenuation of light-inducedPerl mPer2and tentiated the glutamate-induced phase delay, whereas the
c-fos gene expression in the retino-recipient zone of thpecific antagonist PACAP6—-38 blocked the glutamate-
SCN (Hannibal et al. 2001b). This dissociation betweamuced phase shift at CT14. In contrast, PACAP (in
the light-induced phase shift of running-wheel activitynicromolar concentrations) blocked the glutamate-in-
and induction of dos PerlandPer2gene expression induced phase-advance, when co-administered with gluta-
the SCN indicates that light-induced behavioural phaseate at late subjective night, and co-administration of
shifts are not always dependent ofoeiclock gene ex- PACAP6—-38 potentiated the glutamate-induced phase
pression in the SCN. Photic stimulation at late night prehift at this time point. The clock-controlled modulatory
vokes a phase delay RACZL- mice but a phase advanceffects of PACAP on glutamate signalling were con-
in wild-type mice. However, the light-inducemPerl firmed by in vivo experiments. The intraventricular in-
and c-fos gene expression d?ACZ1/- mice is similar to jection of a specific PACAP antibody resulted in a poten-
that in wild-type mice suggesting that PACAP and PAGihtion of the light-induced phase advance (Chen et al.
receptor signalling play a minor, if any, role in the lightt999) suggesting that PACAP is an important modulator
induced gene expression wiPerland cfosat this time of glutamate-induced phase shift. A modulatory role of
point (Hannibal et al. 2001b). PACAP on glutamate signalling was further supported
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by Kopp et al. (2001) who analysed the effects ofediating light signalling to the clock, whereas the evi-
PACAP and glutamate on calcium signalling in culturetknce for other putative transmitters is less convincing.
SCN neurons and showed that PACAP modulates glutaremains to be determined whether the phase-shifting
mate signalling via different mechanisms. On the oe#fect of PACAP during subjective day in vitro is of
hand, PACAP amplified glutamate-dependent calciupmysiological relevance. A detailed analysis of the re-
increases by interacting with AMPA/kainate signallindease of both PACAP and glutamate during various light-
On the other hand, PACAP reduced/inhibited calcium img conditions should increase the functional understand-
creases elicited by glutamate acting on metabotropic ireg of their interaction within the circadian timing
ceptors. The latter action was mimicked by cAMP (Kopgystem.

et al. 2001). The interaction between PACAP and gluta-

mate signalling seems to involve ther genes, since ourAcknowIedgementsThe author V\_/ijshes to thank Professor Jan
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