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Mammalian circadian rhythms originate in the hypothalamic
suprachiasmatic nuclei (SCN), from which rhythmic neural ac-
tivity can be recorded in vitro. Application of neurochemicals
can reset this rhythm. Here we determine cellular correlates of
the phase-shifting properties of neuropeptide Y (NPY) on the
hamster circadian clock in vitro. Drug or control treatments
were applied to hypothalamic slices containing the SCN on the
first day in vitro. The firing rates of individual cells were sampled
on the second day in vitro. Control slices exhibited a peak in
firing rate in the middle of the day. Microdrop application of
NPY to the SCN phase advanced the time of peak firing rate.
This phase-shifting effect of NPY was not altered by block of
sodium channels with tetrodotoxin or block of calcium channels
with cadmium and nickel, consistent with a direct postsynaptic
site of action. Pretreatment with the glutamate receptor antag-
onists (DL-2-amino-5-phosphonovaleric acid and 6-cyano-7-

nitroquinoxaline-2,3-dione disodium) also did not alter phase
shifts to NPY. Blocking GABAA receptors with bicuculline (Bic)
had effects only at very high (millimolar) doses of Bic, whereas
blocking GABAB receptors did not alter effects of NPY. Phase
shifts to NPY were blocked by pretreatment with inhibitors of
protein kinase C (PKC), suggesting that PKC activation may be
necessary for these effects. Bathing the slice in low Ca21/high
Mg21 can block phase shifts to NPY, possibly via a depolarizing
action. A depolarizing high K1 bath can also block NPY phase
shifts. The results are consistent with direct action of NPY on
pacemaker neurons, mediated through a signal transduction
pathway that depends on activation of PKC.
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Mammalian circadian rhythms are generated and regulated by
the hypothalamic suprachiasmatic nuclei (SCN) (Rusak and
Zucker, 1979; Ralph et al., 1990). SCN neurons exhibit a circa-
dian rhythm in spontaneous activity that can be used as a marker
of circadian clock output in vitro (Green and Gillette, 1982). The
hypothalamic slice preparation allows recording of this rhythm
for two to four cycles (Gillette, 1991; Biello et al., 1997). Typi-
cally, treatments are applied on the first day in vitro, and firing
rate is monitored throughout the second day. Phase shifts are
measured by the difference between the time of the peak in firing
rate in treated versus control brain slice preparations.

The circadian clock can phase shift in response to photic
stimuli. The phase-response curve for light shows characteristic
phase delays early in the night followed by phase advances later in
the night (DeCoursey, 1964). In contrast, the circadian clock is
sensitive to nonphotic stimuli during the subjective day and is less
sensitive or insensitive during the subjective night (Smith et al.,
1992; Mrosovsky, 1995). Nonphotic phase shifts can be induced by
behavioral events such as novel wheel-induced running or social
interactions (Reebs and Mrosovsky, 1989).

The SCN receive input from the intergeniculate leaflet, and the

associated neurochemical neuropeptide Y (NPY) seems to me-
diate some nonphotic phase shifts of the circadian clock. Lesions
of the hamster geniculohypothalamic tract block nonphotic phase
shifts (Johnson et al., 1988; Biello et al., 1991; Meyer et al., 1993;
Janik and Mrosovsky, 1994). NPY can induce nonphotic-type
phase shifts in rats and hamsters in vivo (Albers and Ferris, 1984;
Huhman and Albers, 1994; Biello and Mrosovsky, 1996) and in
vitro (Shibata and Moore, 1993; Golombek et al., 1996; Biello et
al., 1997; but see Medanic and Gillette, 1993). Infusion of anti-
serum to NPY into the area of the hamster SCN blocks phase
shifts to induced activity (Biello et al., 1994). Finally, nonphotic
pulses induce the expression of c-Fos in NPY-immunoreactive
neurons of the intergeniculate leaflet (Janik et al., 1995).

In the hamster, we have shown that the response to NPY is
dose-dependent and is mediated through Y2 receptors
(Golombek et al., 1996), a result similar to that found in vivo
(Huhman et al., 1996a). Although the phase-shifting effects of
NPY measured in vivo in the hamster are blocked by co-infusion
with tetrodotoxin (TTX) (Huhman et al., 1996b), similar phase
shifts measured in vitro in the rat are unaffected by sodium
channel block, suggesting a direct postsynaptic effect on the
pacemaker cell (Shibata and Moore, 1993). However, GABA
transmission has also been implicated in mediating phase shifts to
NPY, because co-infusion of bicuculline (Bic) with NPY in vivo
prevented the phase shift (Huhman et al., 1995).

One approach to understanding the mechanism of the clock is
to follow the pathway of a phase-shifting stimulus and determine
the biochemical events associated with its action. Thus, the aim of
the present study is to determine the signal transduction mecha-
nisms responsible for NPY-induced long-term modifications of
the hamster circadian clock in vitro.
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MATERIALS AND METHODS
Animals and tissue preparation. Male golden hamsters (LVG, Charles
River Laboratories, Wilmington, MA) (1–6 months of age) were housed
in one of two rooms under opposite photoperiods, with both rooms under
a schedule of 14 hr light /10 hr dark. Lights off in the animal room was
designated Zeitgeber time (ZT) 12 by convention. Hamsters were ad-
ministered an overdose of halothane anesthesia and decapitated at times
when this manipulation does not induce phase shifts, generally between
ZT 2 and 5 (Gillette, 1986). Hypothalamic slices (400–500 mm) contain-
ing the SCN were placed in a gas-fluid interface slice chamber (Medical
Systems BSC with Haas top) and bathed continuously (1 ml/min) in
artificial cerebrospinal fluid (ACSF) containing 125.2 mM NaCl, 3.8 mM
KCl, 1.2 mM KH2PO4 , 1.8 mM CaCl2 , 1 mM MgSO4 , 24.8 mM NaHCO3 ,
10 mM glucose. ACSF, pH 7.4, was supplemented with an antibiotic
(gentamicin, 0.05 gm/l) and a fungicide (amphotericin, 2 mg/ l), main-
tained at 34.5°C with warm, humidified 95% oxygen/5% carbon dioxide.

Electrophysiolog ical recording and data analysis. Extracellular single
unit activity of SCN cells was detected with glass micropipette electrodes
filled with either 2 M NaCl or ACSF, advanced through the slice using a
hydraulic microdrive. The signal was amplified, filtered, and monitored
with an oscilloscope and audio monitor. The average spontaneous firing
rate (measured for 1 min) and the ZT for each single unit encountered
were recorded by an experimenter blind to all treatments. Slices without
significant differences across firing rate data grouped into 1 hr bins ( p ,
0.05; ANOVA) were not used for further analysis. If there were signifi-
cant differences, data were smoothed by 1 hr running means with a 15
min lag. The time corresponding to the maximum of the smoothed data
was used as the time of the peak firing. Phase shifts were measured
relative to the average time of peak firing of control slices. Some of the
data for control, NPY, and glutamate-treated (ZT 14) slices have been
published previously (Golombek et al., 1996; Biello et al., 1997).

Drugs and treatments. Unless noted otherwise, drugs were warmed to
34.5°C and applied as 200 nl microdrops to the SCN area at ZT 6, at least
1 hr after slice preparation, using a Hamilton 1 ml syringe. Recordings
were performed for 6–12 hr during ZT 0–12 of the second day in vitro.
NPY was applied as a 200 ng/200 nl (175 mM, in ACSF) drop, a dose
similar to that used in in vivo studies of NPY-induced phase shifts (Biello
et al., 1994). When two agents were applied there was a 5 min interval
between drops.

NPY (porcine) was obtained from Bachem Bioscience (Philadelphia,
PA). The cyclic nucleotide-dependent protein kinase inhibitor H-8, the
cAMP-dependent protein kinase inhibitor H-89, the glutamate receptor
antagonists DL-2-amino-5-phosphonovaleric acid (AP-5) and 6-cyano-7-
nitroquinoxaline-2,3-dione disodium (CNQX), and the phorbol esters
phorbol 12-myristate 13-acetate (PMA) and phorbol 12,13-dibutyrate
(PDBu; less hydrophobic than PMA), were all from Research Biochemi-
cals International (Natick, MA). The protein kinase C (PKC) inhibitor
chelerythrine chloride (Chel) was from LC Laboratories (Woburn, MA).
The PKC inhibitors calphostin C (Cal) and bisindolylmalemide I (Bis)
were from Calbiochem (La Jolla, CA). Because Cal is light-activated, the
drug was not exposed to light until application to the tissue, when lights
were kept on the preparation for at least 10 min. Bicuculline methiodide,
glutamate, cadmium chloride, calcium chloride, magnesium chloride, and
TTX were from Sigma (St. Louis, MO). Nickel chloride was obtained
from Fisher Scientific (Pittsburgh, PA). The GABAB receptor blocker
CGP-35348 (CGP) was a gift from Ciba-Geigy (Basel, Switzerland).
Several drugs (PMA, PDBu, CGP, Cal, Chel, H-89) were initially dis-
solved in DMSO and brought to final concentration with ACSF (#0.1%
DMSO in the final solution in all cases except 5 mM Cal, where the final
concentration was 1% DMSO; controls showed no effect of DMSO on
rhythm phase).

RESULTS
NPY phase shifts
Control slices receiving either no application or application of
one or two ACSF microdrops at ZT 6 showed peak firing rate
between ZT 6.1 and 7.3 on the subsequent day in vitro (n 5 10;
mean 6 SEM, 6.7 6 0.1) (Fig. 1A, Table 1). An application of
NPY (200 ng/200 nl) at ZT 6 on the first day in vitro induced a
long-term modification in the circadian clock so that the time of
peak firing occurred between ZT 2.0 and 3.7 on the second day in
vitro (n 5 7; mean phase shift 6 SEM, 3.6 6 0.2) (Fig. 1B, Table

1) and at ZT 3.4 in a slice recorded on the third day in vitro.
Results were similar whether NPY was applied as a single micro-
drop or whether the NPY application was preceded or followed
by an ACSF application (Table 1).

Postsynaptic action of NPY
Initially we performed several experiments to determine whether
phase shifts induced by NPY depended on release of transmitter
within the SCN (summarized in Table 2). We used TTX, a
blocker of sodium channels. First, we co-applied NPY with TTX
at a concentration (1 mM, 200 nl) that has been shown to block
NPY phase shifts in vivo (Huhman et al., 1996b). This treatment
in vitro did not block phase shifts to NPY, nor did a higher dose
(10 mM), although it suppressed firing for ;3 hr (ANOVA F(2,14)

5 45.2; p , 0.0001; TTX 1 and 10 mM 1 NPY grouped and NPY
not significantly different from each other, but significantly differ-
ent from TTX 1 and 10 mM 1 ACSF grouped). There was no
phase-shifting effect of TTX alone. To eliminate calcium spikes
and calcium-mediated neurotransmitter release, we treated slices
with cadmium and nickel to block all voltage-dependent Ca21

currents (Huang, 1993). Pretreatment with TTX (10 mM), cad-

Figure 1. Average firing rate of individual SCN cells (dots) plotted
against the Zeitgeber time (ZT) of recording. ZT 12 is defined as the time
of lights off in the animal’s previous light/dark cycle. Animals were killed
between ZT 2 and ZT 10, and slices were kept in the chamber until
recording the following day. The line indicates results from the running
mean smoother. A, Results from slices receiving no application; B, results
from slices receiving NPY (175 mM; 200 nl) application at ZT 6 on day 1
in vitro.
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mium (20 mM), and nickel (100 mM) in a 200 nl microdrop applied
before NPY did not reduce the NPY phase shift (Table 2,
TTX/Cd/Ni). Similarly, a 3 hr treatment with cadmium (20 mM)
and nickel (100 mM) in the bath (ZT 5.5–8.5), combined with a
microdrop of TTX (10 mM, 200 nl; 5 min before the NPY;
TTX1(Cd/Ni)) did not alter the long-term effect of NPY on the
circadian clock (Fig. 2, Table 2) (ANOVA F(2,17) 5 83.8; p ,
0.0001; TTX/Cd/Ni 1 NPY, TTX1(Cd/Ni) 1 NPY grouped
and NPY not significantly different from each other, but signifi-
cantly different from TTX/Cd/Ni 1 ACSF and TTX1(Cd/Ni)
1 ACSF grouped).

Previous studies in vivo suggested a role for GABA in mediat-
ing NPY phase shifts, so we investigated effects of blocking
GABA receptors on NPY shifts in vitro. At high concentrations,
Bic (1.2 mM, 200 nl) blocked the phase-shifting action of NPY
(Table 3). This dose of Bic was similar to that shown to block
NPY phase shifts in vivo (Huhman et al., 1995). However, such a
high dose of Bic is associated with nonspecific effects (Olsen et al.,
1978; Lester and Peck, 1979). When we reduced the dose to 100
mM, Bic given as a microdrop or administered for 1 hr (ZT
5.5–6.5) in the bath did not block phase shifts to NPY. The
GABAB receptor blocker CPG-35348 (CPG; 100 mM; 200 nl) did
not block phase shifts to NPY either (Fig. 3, Table 3). At this
concentration, this drug should act as an antagonist at both
GABAB R1a and -b subtypes (Kaupmann et al., 1997) [ANOVA
F(4,18) 5 17; p , 0.0001; NPY 1 CGP and NPY 1 Bic (100 mM;
bath and microdrop grouped) significantly different from Bic (100
mM; bath) 1 ACSF and CGP 1 ACSF, but not from each other;

NPY 1 CGP and NPY 1 Bic (100 mM; bath and microdrop
grouped) not significantly different from NPY].

Previous studies suggested that NPY alters intracellular cal-
cium levels through effects on glutamate transmission (van den
Pol et al., 1996). To test for a similar mode of action, we applied
the glutamate receptor antagonists AP-5 (100 mM) and CNQX
(10 mM) in the bath for 1 hr (ZT 5.5–6.5) and then applied NPY
at ZT 6. These antagonists did not alter phase shifts to NPY and
had no phase-shifting effect by themselves (Table 4) (ANOVA
F(2,13) 5 51.3; p , 0.0001; AP-5/CNQX 1 NPY and NPY not
significantly different from each other, but significantly different
from AP-5/CNQX 1 ACSF). To check that the bath application
of AP-5 and CNQX did indeed block glutamate receptors, we
applied AP-5 and CNQX in the bath (ZT 13.5–14.5) before an
application of glutamate at ZT 14. Application of glutamate (1
mM; 200 nl) at ZT 14 induces an average phase delay in the time
of peak firing of 4.5 hr (Biello et al., 1997) (n 5 5; SEM 5 0.5).
Bath application of glutamate antagonists for 1 hr was able to
block glutamate phase shifts (Table 4) (df 5 5; t 5 214; p ,
0.0001).

NPY signal transduction
After finding that the phase-shifting effect of NPY was consistent
with a direct postsynaptic effect, we began to investigate the signal
transduction events that followed application of NPY. We inves-
tigated the role of protein kinases in phase shifts to NPY. Pre-
treatment with a cyclic nucleotide-dependent protein kinase in-
hibitor (H-8; 200 nl, 50 mM) did not alter the phase-shifting action
of NPY (n 5 3), nor did it induce phase shifts when administered
alone (n 5 3) (Table 5) (ANOVA F(3,22) 5 104; p , 0.0001; NPY
and H-81NPY different from control; H-81ACSF not signifi-
cantly different from control). Additionally, H-89 (either 200 nl of
50 mM or 1 hr bath of 10 mM), a specific cAMP-dependent protein
kinase inhibitor, did not affect NPY-induced phase shifts (n 5 4)
and in combination with ACSF (n 5 1) did not have any effect on
the time of peak firing (Table 5) (ANOVA F(2,18) 5 153; p ,
0.001; NPY and H-89 1 NPY different from H-89 1 ACSF but
not significantly different from each other).

To test whether NPY phase shifts are mediated through acti-
vation of PKC, we blocked PKC with the specific inhibitors Chel
(10 mM, 200 nl; n 5 3), Cal (both 0.5 and 5 mM, 200 nl; n 5 6), or
Bis (0.1 mM, 200 nl; n 5 3). These inhibitors blocked NPY-
induced phase advances, without showing any effects when ad-
ministered alone (Fig. 4, Table 5) [ANOVA; no significant dif-
ferences between Chel 1 NPY, Cal (5 mM) 1 NPY, Bis 1 NPY,
Chel 1 ACSF, Cal (5 mM) 1 ACSF, Bis 1 ACSF]. Effects of Cal
seemed to be dose-dependent in that the NPY effect was blocked
in only one of three slices at the lower dose tested (0.5 mM) but in
all three slices exposed to the higher dose (5 mM). We also
activated PKC through application of the phorbol esters PDBu
(10 nM) and PMA (1 nM, 10 nM). These phorbol esters induced
long-term shifts in circadian clock phase similar to those induced
by NPY (Table 5) (ANOVA; no significant difference between
PMA 10 nM, PDBu, and NPY). Effects of PMA were dose-
dependent and reduced by pretreatment with the PKC inhibitor
Chel (10 mM, PMA 10 nM; df 5 7; t 5 4.1; p , 0.005).

By bathing the slice in ACSF with lowered Ca21 (to 0.05 mM)
and increased Mg 21 (to 10 mM) (Pan et al., 1992), ZT 5–7
blocked the phase advance induced by NPY at ZT 6, suggesting
a role for calcium in phase shifts to NPY. The change in ACSF
Ca 21 and Mg21 levels did not affect the timing of the firing rate
rhythm by itself (Fig. 2, Table 5) (ANOVA F(2,13) 5 22.5; p ,

Table 1. Mean peak times of control slices and mean phase shifts to
NPY (measured relative to the average time of peak firing of control
slices)

Treatment
Number
of slices

Average peak times
(hr 6 SEM)

Average phase shift
(hr 6 SEM)

No treatment 6 6.7 6 0.1
ACSF 1

ACSF 3 6.8 6 0.2
ACSF 1 6.1
NPY 1

ACSF 1 3.1
NPY alone 3 3.4 6 0.3
ACSF 1

NPY 3 3.9 6 0.4

Table 2. Mean phase shifts to NPY or ACSF combined with
tetrodotoxin (TTX) (1 mM and 10 mM) and TTX (10 mM) microdrop 1
cadmium (20 mM) 1 nickel (100 mM) (microdrop TTX/Cd/Ni and bath
TTX 1 (Cd/Ni) applications)

Treatment
Number
of slices

Average phase
shift (hr 6 SEM)

TTX 1 mM 1 NPY 2 3.3 6 0.3
TTX 10 mM 1 NPY 3 3.2 6 0.4
TTX 10 mM 1 ACSF 3 0.2 6 0.1
TTX/Cd/Ni 1 NPY 3 3.3 6 0.1
TTX/Cd/Ni 1 ACSF 3 0.4 6 0.1
TTX 1 (Cd/Ni) 1 NPY 2 3.5 6 0.5
TTX 1 (Cd/Ni) 1 ACSF 3 0.5 6 0.1

Shifts are measured relative to the average time of peak firing of control slices.
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0.0001; low Ca21/high Mg21 1 NPY and low Ca21/high Mg21

1 ACSF not significantly different from each other, but signifi-
cantly different from NPY). Because this treatment would also be
expected to depolarize neurons (Pan et al., 1992), we tested the
effects of high K1 ACSF on NPY phase shifts. Bathing of the
slice in ACSF with 50 mM KCl (and 75.2 mM NaCl) for 1 hr (ZT
5.5–6.5) blocked the NPY phase shift (Table 5). A 15 min bath of
low Ca21 and high Mg 21 ACSF centered on the time of NPY
application also blocked the NPY phase shift (Table 5).

DISCUSSION
Our data are consistent with the hypothesis that NPY resets the
circadian clock in vitro via a direct postsynaptic effect. Although
one study reports that TTX does not block NPY-induced phase
shifts in rat SCN in vitro (Shibata and Moore, 1993), other work
indicates that TTX blocks in vivo NPY-induced phase shifts in
hamsters (Huhman et al., 1996b). Our results support and extend
the previous in vitro results, indicating that the discrepancy may
arise from a difference between the in vivo and in vitro experi-
ments and is not attributable to a species difference. We at-

tempted to mimic the conditions of the previous in vivo experi-
ments but obtained different results. Our studies indicate that the
NPY-responsive SCN cells are capable of generating a perma-
nent phase shift of the entire circadian clock, even in the absence
of sodium-dependent action potentials.

Cells in the SCN show calcium spikes that are not blocked by
TTX (Llinás and Hess, 1976; Huang, 1993; van den Pol and
Dudek, 1993), and it was possible that these might mediate the
effects of NPY. We used cadmium and nickel to block voltage-
gated Ca 21 currents and Ca21 spikes as well as calcium-
mediated neurotransmitter release and did not observe a change
in the NPY effect. These experiments further indicate that the
action of NPY does not require extracellular calcium influx via
voltage-gated channels, because block of these channels by cad-
mium and nickel did not reduce the shift. Furthermore, decreased
calcium influx at ZT 5.5–8.5 does not phase shift the circadian
clock, because block of these channels did not produce phase
shifts when given in the absence of NPY.

Previous reports have indicated a possible role for GABA in
phase shifts during the subjective day. Bic, a GABAA antagonist,
blocks NPY-induced phase shifts in vivo (Huhman et al., 1995),
suggesting that GABAergic neurons may be targets of NPY-
responsive cells or may be directly NPY-responsive, or that
simultaneous activation of NPY and GABAA receptors is neces-
sary for a phase shift. Our data suggest that this role may be
minimal, because both GABAA and GABAB receptor antago-
nists generally do not block phase shifts to NPY. Bic is specific for
GABAA receptors in the micromolar concentration range (Olsen
et al., 1978; Lester and Peck, 1979), and at 10–50 mM in the bath,
Bic blocks all IPSCs in rat and guinea pig SCN slices (Kim and
Dudek, 1993). This would suggest that effects reported in earlier
in vivo studies (Huhman et al., 1995) may be the result of a
nonspecific action by millimolar concentrations of Bic. For in-
stance, at high concentrations Bic can inhibit acetylcholinesterase
activity (Frigo et al., 1987), may depolarize neurons by blocking

Figure 2. Histogram showing phase shifts to NPY or ACSF combined with tetrodotoxin (TTX ) (1 and 10 mM grouped) and TTX (10 mM) 1 cadmium
(20 mM) 1 nickel (100 mM) (TTX 1 Cd 1 Ni) (bath and microdrop applications combined), or low Ca 21 (0.02 mM)/high Mg 21 (10 mM) bath. Mean phase
shifts 6 SEM.

Table 3. Mean phase shifts to NPY or ACSF combined with treatments
that interfere with GABA transmission

Treatment
Number
of slices

Average phase
shift (hr 6 SEM)

Bic (1.2 mM, 200 nl) 1 ACSF 3 0.3 6 0.2
Bic (1.2 mM; 200 nl) 1 NPY 3 0.5 6 0.2
Bic (100 mM; 200 nl) 1 NPY 3 2.6 6 0.3
Bic (100 mM; 1 hr bath) 1 NPY 3 3.0 6 0.1
Bic (100 mM; 1 hr bath) 1 ACSF 3 1.1 6 0.5
CGP (100 mM; 200 nl) 1 ACSF 3 0.6 6 0.1
CGP (100 mM; 200 nl) 1 NPY 3 2.8 6 0.3

Shifts are measured relative to the average time of peak firing of control slices. Bic,
Bicuculline; CPG, CPG 35348.
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a potassium conductance (Heyer et al., 1982), and can have other
nonspecific effects (Bartolini et al., 1990).

TTX (1 mM) blocks most IPSCs but does not block spontane-
ous EPSCs in SCN brain slices (Jiang et al., 1995a). Excitatory
events in the SCN are blocked by the glutamate receptor blockers
AP5 and CNQX (Kim and Dudek, 1991; van den Pol et al., 1996).
However, application of these glutamate receptor blockers did
not alter phase shifts to NPY, lending support to the possibility
that NPY acts on a postsynaptic site.

Our results suggest that NPY resets the hamster circadian clock
via activation of PKC. PKC has been identified in the SCN (Van
der Zee and Bult, 1995), and NPY-induced phase shifts were
mimicked by two PKC activators, the phorbol esters PMA and
PDBu. Another phorbol ester that activates PKC, 12-O-
tetradecanoylphorbol 13-acetate, has been shown to induce phase
shifts in rat SCN in vitro. At CT6, however, these shifts were
minimal, possibly attributable to a species difference (McArthur
et al., 1997). NPY-induced phase shifts were blocked by pretreat-
ment with three different inhibitors of PKC, which work by
inhibiting this kinase through different specific mechanisms. Chel
acts on the catalytic domain of PKC and is a noncompetitive

Figure 3. Histogram showing phase shifts to NPY or ACSF combined with treatments that interfere with GABA transmission, bicuculline (100 mM),
and CPG-35348 (CPG) (100 mM). Mean phase shifts 6 SEM.

Table 4. Mean phase shifts to NPY or ACSF combined with substances
that interfere with glutamate transmission

Treatment
Number
of slices

Average phase
shift (hr 6 SEM)

AP-5/CNQX 1 ACSF(CT6) 3 0.4 6 0.2
AP-5/CNQX 1 NPY(CT6) 4 3.9 6 0.2
Glutamate (CT14) 5 24.5 6 0.5
AP-5/CNQX 1 glutamate (CT14) 3 1.2 6 0.1
AP-5/CNQX 1 ACSF (CT14) 1 0.4

Shifts are measured relative to the average time of peak firing of control slices.
Glutamate receptor blockers AP-5 (100 mM) and CNQX (10 mM) were applied in the
bath for 1 hr.

Table 5. Mean phase shifts to NPY or ACSF combined with substances
related to protein kinases

Treatment
Number
of slices

Average phase
shift
(hr 6 SEM)

H-8 (50 mM; 200 nl) 1 ACSF 3 0.7 6 0.1
H-8 (50 mM; 200 nl) 1 NPY 3 3.1 6 0.2
H-89 (50 mM; 200 nl) 1 ACSF and H-89 (10

mM; 1 hr) 1 ACSF 2 0 6 0.8
H-89 (50 mM; 200 nl) 1 NPY and H-89 (10

mM; 1 hr) 1 NPY 4 3.3 6 0.6
Chel (10 mM; 200 nl) 1 ACSF 3 0.4 6 0.3
Chel (10 mM; 200 nl) 1 NPY 3 0.9 6 0.5
Cal (0.5 mM; 200 nl) 2 0.3 6 0.1
Cal (0.5 mM, 200 nl) 1 NPY 3 3.6 6 1.5
Cal (5 mM; 200 nl) 1 ACSF 2 0.8 6 0.2
Cal (5 mM; 200 nl) 1 NPY 3 0.0 6 0.2
Bis (0.1 mM, 200 nl) and Bis (0.1 mM; 200 nl)

1 ACSF 3 20.3 6 0.2
Bis (0.1 mM; 200 nl) 1 NPY 3 0.6 6 0.3
PDBu (10 nM; 200 nl) and PDBu (10 nM; 200

nl) 1 ACSF 4 2.6 6 0.6
PMA (1 nM; 200 nl) 3 2.3 6 0.4
Chel (10 mM; 200 nl) 1 PMA (1 nM; 200 nl)

and PMA (1 nM; 200 nl) 1 Chel (10 mM;
200 nl) 3 0.7 6 0.3

PMA (10 nM; 200 nl) 3 3.8 6 0.2
Chel (10 mM; 200 nl) 1 PMA (10 nM; 200 nl) 3 2.6 6 0.7
low Ca21/high Mg21 (2 hr) 1 NPY 3 0.5 6 0.4
low Ca21/high Mg21 (2 hr) 1 ACSF 4 0.7 6 0.6
low Ca21/high Mg21 (15 min) 1 NPY 3 0.7 6 0.1
high K1 ACSF (50 mM, 1 hr) 1 NPY 2 20.3 6 0.8

Shifts are measured relative to the average time of peak firing of control slices. Chel,
Chelerythrine chloride; Cal, calphostin C; Bis, bisindolylmalemide.
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inhibitor with respect to ATP and a competitive inhibitor with
respect to the phosphate acceptor (Jarvis et al., 1994). Cal inter-
acts with the regulatory domain of PKC by competing at the
binding site of diacylglycerol and phorbol esters (Tamaoki and
Nakano, 1990). Bis acts as a competitive inhibitor for the ATP
binding site on the catalytic domain of PKC (Toullec et al., 1991).

NPY did not have long-term effects on circadian rhythm phase
if the slice was bathed in low Ca21/high Mg21 ACSF during the
time of NPY application. One explanation of this result might be
that the reduction of extracellular calcium induced depletion of
intracellular calcium stores (Llano et al., 1994), thus reducing the
NPY activation of PKC. One concern is that the low Ca 21

conditions might affect the integrity of the NPY receptors
(Parker et al., 1996), alter general cell functioning, or depolarize
cells either by reducing positive surface charges on the extracel-
lular membrane or by potentiating glutamatergic currents (Alberi
et al., 1997). Low Ca21/high Mg21 ACSF has been reported to
depolarize SCN cells (Pan et al., 1992), and depolarization might
block NPY phase shifts (Biello et al., 1997). The hypothesis that
low Ca21/high Mg21 ACSF may act via depolarization is sup-
ported by our results showing that even a 15 min bath of low
Ca 21/high Mg 21 ACSF can block NPY phase shifts, and that a
depolarizing high K1 bath has a similar effect.

Nonphotic stimuli do not seem to be using a single signal
transduction pathway to reach the circadian clock. Although NPY
and serotonin are similar in that both shift the clock even when
cells are bathed in TTX (Prosser et al., 1992; this paper), NPY
and serotonin induce nonphotic phase shifts via different signal
transduction pathways. NPY seems to activate PKC, whereas
serotonin-mediated phase shifting in the rat is dependent on
activity of cAMP-dependent protein kinase (Prosser et al., 1994).
Because these two neurotransmitters induce phase shifts in sim-
ilar patterns, it is plausible that their signal transduction pathways
converge at some point. Interestingly, both NPY and serotonin
phase shifts seem to depend on K1 channel activation (Prosser et
al., 1994; Hall and Harrington, 1996; our unpublished results).
Melatonin also phase shifts the circadian clock in the subjective

day and seems to use PKC (McArthur et al., 1997); effects of
melatonin on K1 channels, however, are observed only at con-
centrations well above those necessary for phase shifting (Jiang et
al., 1995b).

Various NPY receptor types function in the SCN. Although
Y2 receptors mediate phase shifts to NPY both in vivo (Huhman
et al., 1996a) and in vitro (Golombek et al., 1996), NPY blocks
pituitary adenylate cyclase-activating peptide phase shifts via a
receptor other than the Y2 receptor (Harrington and Hoque,
1997).

NPY induces long-term depression in both electrical activity
and glutamate-evoked increases in intracellular calcium levels in
mature rat SCN cultures and slices (van den Pol et al., 1996) or
GABA-evoked increases in less mature cultures (Obrietan and
van den Pol, 1996). These effects are largely mediated presynap-
tically, by both Y1 and Y2 NPY receptor subtypes (Chen and van
den Pol, 1996; Obrietan and van den Pol, 1996; van den Pol et al.,
1996). All of these long-term effects of NPY in the rat SCN are
abolished in the presence of AP5 and CNQX (van den Pol et al.,
1996). Because NPY can phase shift the hamster SCN in the
presence of AP5 and CNQX, the long-term effects of NPY on
intracellular free calcium (van den Pol et al., 1996) may not be
related to phase shifting. Furthermore, although SCN neurons
dramatically increase firing rate around ZT 6, our experiments
demonstrate that block of calcium channels and ionotropic gluta-
mate receptors has no effect on the time of peak firing on the
subsequent cycle. Thus, the intracellular calcium level may not be
an integral clock component at ZT 6. Interestingly, the only
response to NPY that persisted when AP5/CNQX was included
in van den Pol’s studies was a brief hyperpolarization of the
postsynaptic membrane.

These data suggest a general model for the mechanism of
nonphotic phase shifting of the circadian clock. Because both
NPY and serotonin seem to activate protein kinases, one might
hypothesize that either PKA or PKC can phosphorylate a puta-
tive clock protein. Phosphorylation might act to induce nuclear
translocation of a protein, similar to circadian systems studied in

Figure 4. Histogram showing phase shifts to NPY (175 mM) alone, or combined with inhibitors of PKC [chelerythrine chloride (Chel; 10 mM), calphostin
C (Cal; 5 mM), bisindolylmalemide I (Bis; 0.1 mM), and phase shifts to phorbol esters (PDBu, 10 nM; PMA, 10 nM)] at ZT 6. Mean 6 SEM.
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Drosophila and Neurospora (Edery et al., 1994; Garceau et al.,
1997). In both systems, it is thought that nuclear translocation of
clock protein(s) allows initiation of a negative feedback loop, by
which these proteins negatively regulate their own gene’s tran-
scription (Hardin et al., 1990; Aronson et al., 1994). If a similar
system were underlying the mammalian clock, one might predict
that the clock protein is normally phosphorylated late in the
subjective day, thus reducing the ability of NPY and serotonin to
phase shift. From this, a further prediction would be that PKA or
PKC inhibitors would delay the clock if applied during this time;
preliminary data supporting this has been reported (Prosser et al.,
1994).

Although there is some understanding of the intracellular
mechanisms leading to photic entrainment of circadian rhythms,
little is known about the events leading to nonphotic stimulation
of the clock. The present study is the first to present data on the
signal transduction pathways required for NPY-induced phase
shifts in the Syrian hamster. Our data are consistent with the
hypothesis that the effects of NPY are postsynaptic and depend
on PKC. Although this is unusual for an NPY receptor, which is
more commonly linked with inhibition of adenylate cyclase, it is
similar to reported effects of melatonin on circadian clock tissue.
These results should stimulate further work examining links
between NPY and PKC in other systems, as well as possible links
between the actions of NPY and melatonin.
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