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Acetylcholine has long been implicated in nocturnal phase
adjustment of circadian rhythms, yet the subject remains con-
troversial. Although the suprachiasmatic nucleus (SCN), site of
the circadian clock, contains no intrinsic cholinergic somata, it
receives choline acetyltransferase-immunopositive projections
from basal forebrain and mesopontine tegmental nuclei that
contribute to sleep and wakefulness. We have demonstrated
that the SCN of inbred rats in a hypothalamic brain slice is
sensitive to cholinergic phase adjustment via muscarinic recep-
tors (mAChRs) only at night. We used this paradigm to probe
the muscarinic signal transduction mechanism and the site(s)
gating nocturnal responsiveness. The cholinergic agonist car-
bachol altered the circadian rhythm of SCN neuronal activity in
a pattern closely resembling that for analogs of cGMP; noctur-
nal gating of clock sensitivity to each is preserved in vitro.
Specific inhibitors of guanylyl cyclase (GC) and cGMP-
dependent protein kinase (PKG), key elements in the cGMP

signal transduction cascade, blocked phase shifts induced by
carbachol. Further, carbachol administration to the SCN at
night increased cGMP production and PKG activity. The
carbachol-induced increase in cGMP was blocked both by
atropine, an mAChR antagonist, and by LY83583, a GC inhib-
itor. We conclude that (1) mAChR regulation of the SCN is
mediated via GC3cGMP3PKG, (2) nocturnal gating of this
pathway is controlled by the circadian clock, and (3) a gating
site is positioned downstream from cGMP. This study is among
the first to identify a functional context for mAChR–cGMP
coupling in the CNS.
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The near 24 hr oscillations of physiological and behavioral func-
tions in mammals are controlled by a central pacemaker, or clock,
within the suprachiasmatic nucleus (SCN) of the hypothalamus.
The SCN receives diverse neural and hormonal inputs by which
signals communicating environmental and organismic states are
transmitted to the SCN and can modify its phase (for review, see
Inouye and Shibata, 1994; Moore, 1996). Clock properties are
endogenous to the SCN; spontaneous neuronal activity continues
to oscillate in a circadian rhythm under constant conditions in a
hypothalamic slice of SCN from rat (Green and Gillette, 1982;
Prosser and Gillette, 1989), and the phasing of this rhythm can be
reset by treating the SCN slice with the transmitters or peptides
contained in afferent fibers (for review, see Gillette et al., 1995).
Although the circadian clock is sensitive to resetting by diverse
neurotransmitters, the sensitivity to each is restricted, or gated, to
discrete phases of the clock’s 24 hr cycle (Gillette, 1996).
One class of afferent projections to the SCN contains acetyl-

choline (ACh), as revealed by choline acetyltransferase (ChAT,
biosynthetic for ACh) immunostaining (van den Pol and Tsuji-
moto, 1985; Ichikawa and Hirata, 1986; Rao et al., 1987; Tago et

al., 1987). Bidirectional tract-tracing combined with immunocyto-
chemistry for ChAT localized cholinergic neurons that project to
the rat SCN to the major cholinergic regions of the CNS: the basal
forebrain as well as the peduncular pontine tegmental and the
lateral dorsal tegmental nuclei of the brainstem (Bina et al., 1993).
These cholinergic nuclei contribute to state changes in multiple
brain sites, including those underlying sleep and wakefulness
(Semba, 1991; Steriade and McCarley, 1990).
The functional significance of the cholinergic projections to the

SCN has been unclear. Attempts to address this issue in vivo have
involved administration of carbachol, a general cholinergic ago-
nist. Although these studies present variability in both design and
data, there is concordance that phasing of the circadian system
can be modulated by cholinergic stimulation at night (Zatz and
Brownstein, 1979; Zatz and Herkenham, 1981; Ernest and Turek,
1983, 1985; Meijer et al., 1988; Wee et al., 1992). Within and near
the rat SCN, some neurons are cholinoceptive (Nishino and
Koizumi, 1977; Shibata et al., 1983; Kow and Pfaff, 1984; Miller et
al., 1987; Liu, 1995), and modest evidence exists for nicotinic or
muscarinic ACh receptors (mAChRs) (Fuchs and Hoppens, 1978;
van der Zee et al., 1991). Direct and specific cholinergic stimula-
tion of the SCN in a brain slice preparation induces large phase
advances in the SCN neuronal activity rhythm; this response is
mediated by an mAChR, possibly an M1 subtype (Liu and Gil-
lette, 1996).
ACh has been linked to cGMP production in brain and cultured

neurons through a muscarinic mechanism (Tonnaer, 1991; Cas-
toldi et al., 1993; Hu and El-Fakahany, 1993; Mathes and Thomp-
son, 1996). However, functional contexts for this coupling in the
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CNS have not been reported. We hypothesized that cholinergic
activation of a cGMP pathway within the SCN mediates nocturnal
phase resetting. Following up on our preliminary report (Liu and
Gillette, 1994), we tested this hypothesis by attempting to block
the phase shifts induced by carbachol through inhibiting cGMP-
dependent protein kinase (PKG) and guanylyl cyclase (GC). We
then measured directly the activity of PKG and the production of
cGMP in the SCN in response to carbachol. We also tested the
ability of the muscarinic antagonist atropine and of a GC inhibitor
to block the effect of carbachol on cGMP production. Our results
demonstrate that carbachol advances the phase of the SCN clock
at night via mAChR-mediated activation of a GC/cGMP/PKG
pathway.

MATERIALS AND METHODS
Animals and brain slice preparation. Eight-week-old Long–Evans rats
from our inbred colony were used in this study. This colony has been
inbred in our Illinois facility for more than 32 generations and, thus,
exceeds the level of inbreeding required for genetic homogeneity. Ani-
mals were maintained and tissue prepared in full accord with institutional
and federal guidelines for the humane treatment of animals. The rats
were kept on a schedule of 12:12 hr light/dark cycle, with access to food
and water ad libitum. They were killed between circadian time 7–10 (CT
7–10, where CT 0 is defined as the beginning of the light period of
the animal colony), and the brain was quickly dissected from the skull.
The brain was then manually sectioned to form a block of tissue contain-
ing the hypothalamic region. This block of tissue was transferred to a
mechanical tissue chopper, where 500 mm coronal slices were made. The
hypothalamic slices containing the SCN were then transferred to the
brain slice dish, where they were maintained for up to 3 d. Under these
conditions, the SCN generates near 24 hr oscillations in neuronal activity
(Green and Gillette, 1982) that are stable over 3 d (Prosser and Gillette,
1989). The unperturbed sinusoidal pattern of ensemble activity is stable,
running very close to 24 hr. It is predictably high in the day (peaking
mid-day near CT 7) and is low at night (Gillette and Prosser, 1988), so
that measure of the time-of-peak can be used as an accurate assessment
of the phase of the circadian oscillation (Gillette et al., 1995).
The brain slice dish, consisting of an inner and an outer chamber, was

modeled after Hatton et al. (1980). The outer chamber of the dish was
filled with dH2O warmed to 378C and continuously bubbled with 95%
O2/5% CO2. Brain slices were maintained at the gas/liquid interface
within the inner chamber and perifused at 35 ml/hr with warmed, oxy-
genated Earle’s balanced salt solution (EBBS, Life Technologies, Gaith-
ersburg, MD) supplemented to 24.6 mM glucose, 26.3 mM NaHCO3, and
0.005% gentamicin, pH 7.3–7.4.
In the experiments measuring cGMP levels and PKG activity, a re-

duced SCN slice was made using iridectomy scissors under a dissecting
microscope and then transferred into the brain slice chamber. At the
appropriate CT (.2 hr later), the reduced slice was either (1) frozen at
2808C until assay for PKG activity, or (2) transferred to equilibrated
EBSS at 378C in an Eppendorf tube gassed with 95% O2/5% CO2 and
maintained stably for 60 min in IBMX (100 mM) for assay of cGMP
accumulation. For the cGMP measurements, inhibitors, such as atropine
and LY83583, were added after 45 min and for a total of 15 min;
carbachol was added to the tube during the last 3–4 min, after which
cGMP was extracted by EtOH (100%). The reduced SCN slice contains
the paired SCN, a thin rim of hypothalamic tissue around the SCN, and
the underlying optic chiasm. The circadian oscillation in neuronal firing is
maintained in reduced SCN slices (Gillette and Reppert, 1987).
Extracellular electrical recording and data analysis. The method for

recording the circadian rhythm of the ensemble of SCN neurons has been
detailed and thoroughly validated (Prosser and Gillette, 1989); it is only
briefly summarized here. Extracellular signals of single neurons were
recorded using glass microelectrodes filled with 5 M NaCl. An electrode
was lowered into the SCN by a hydraulic microdrive until the signal from
a single cell was encountered. Electrical signals exceeding twice the level
of the background noise were isolated using a window discriminator,
observed for stability over at least 2 min, and counted by computer. The
firing rate of each cell was monitored over two consecutive 120 sec
periods, using 10 sec bins. The electrode was then repositioned within the
SCN so as to sample throughout the nucleus and advanced until another
cell was encountered.

The firing rates of individual SCN neurons recorded during each
experiment were grouped into 2 hr running averages using 15 min lags.
The time-of-peak was determined by visual inspection of a plot of these
values for the symmetrically highest point. Phase shifts were determined
by comparing the time-of-peak electrical activity in treated slices with that
of vehicle-treated slices. Differences among groups were evaluated by
ANOVA, with Duncan’s test for post hoc comparisons.
Experimental treatments. The protocol for drug administration to the

SCN used in this study has been described (Liu and Gillette, 1996).
Briefly, brain slices were equilibrated in the recording chamber for$ 2 hr
before administration of the reagent (dissolved in EBSS then prepared to
match the physical characteristics of normal medium in the chamber).
Agonists were administered in a microdrop (1 ml) applied to the surface
of each SCN; this covered only the SCN tissue of the slice. After 5 min,
the surface of the slice was rinsed toward the optic chiasm with warmed,
gassed EBSS, and perifusion with normal medium was resumed. Antag-
onists were applied as a static bath 10 min before, 5 min during, and 15
min after the treatment. Results were compared with controls treated in
the same way with microdrops of EBSS only.
Assay of PKG activity. Endogenous PKG activity was measured accord-

ing to Glass and Krebs (1982) using the PKG-specific heptapeptide
substrate for PKG RKRSRAE (Peninsula Labs). Reduced SCN slices
were exposed to carbachol for from 0 to 10 min, then frozen on dry ice.
Single reduced slices were sonicated cold for 10 sec in 50 ml buffer
containing glycerophosphate 10 mM and a cocktail of protease inhibitors
[phenylmethylsulfonyl fluoride (100 mM), phenanthroline (10 mM), leu-
peptin (2 mM), pepstatin (0.2 mM), and aprotinin (1%) (Sigma, St. Louis,
MO)], BSA (0.1 mg/ml), KT5720 (protein kinase A inhibitor, 0.1 mM),
Tris (20 mM), pH 7.4, Mg21 acetate (20 mM), and isobutylmethylxanthine
(IBMX, 100 mM), and then centrifuged at 2000 3 g for 3 min at 48C. A 30
ml aliquot of supernatant was taken and mixed with 15 ml of buffer
containing the heptapeptide substrate RKRSRAE (400 mg/ml), [32P]ATP
(1 mCi/tube), and unlabeled ATP (14 mM), and then incubated for 2 min
at 378C. The reaction was stopped by cooling on ice and adding 10 ml of
1N HCl. A 35 ml aliquot of the reaction product was placed on filter paper
(Whatman P81 disks) and air-dried. The filter paper was washed with
0.5% orthophosphoric acid until no more radioactivity appeared in the
effluent. The dried filter paper was placed in a scintillation vial with 5 ml
scintillation fluid and counted for 2 min. Activity is expressed as a
percentage of the average activity immediately before carbachol admin-
istration (100%).
Scintillation proximity assay (SPA) of cGMP levels. The SPA assay for

cGMP was performed according to the manufacturer’s directions (Am-
ersham, Arlington Heights, IL). The acetylation procedure was followed
both for the standard curve and for the samples. Briefly, single frozen
reduced slices, ;30 mg of protein (Bradford, 1976), in 100 ml of EBSS
without phenol red, were treated with 150 ml of 100% ethanol and the
supernatant pipetted off to a fresh tube. The slices were resuspended and
washed 1 time with 65% ethanol, and the supernatants of each slice
pooled. These pooled supernatants were lyophilyzed to dryness and
resuspended in 100 ml of 0.05 M acetate buffer containing 0.01% sodium
azide. Equal amounts of cGMP standard, radioactive tracer, primary
antibody, and secondary antibody conjugated to beads were added. The
mixtures were shaken overnight and counted in a Beckman scintillation
counter. Effects of treatment conditions on cGMP levels were compared
by ANOVA, with Fisher’s post hoc test.

RESULTS
Comparison of the phase–response relationships of
carbachol and 8-Br-cGMP
Cholinergic effects on phasing of SCN circadian rhythms have
been studied after a 5 min exposure to carbachol and other
cholinergic agonists in a 1 ml microdrop (Liu and Gillette, 1996),
whereas the effects of 8-Br-cGMP have been assessed after 1 hr
bath administration (Prosser et al., 1989). Therefore, we evalu-
ated the phase shifts induced by microdrop versus bath treat-
ments. We applied carbachol (100 mM) or 8-Br-cGMP (500 mM) as
a 1 ml microdrop to the surface of the SCN in vitro for 5 min at CT
18 and compared the effects on the subsequent time-of-peak
activity in the circadian rhythm SCN neuronal firing. The pattern
of this endogenous circadian rhythm is normally a near 24 hr
oscillation that peaks midsubjective day near CT 7 (7 hr into the
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light portion of the entrained light /dark cycle of the rat) (Fig. 1A).
Mean time-of-peak for media-treated controls in this study was
CT 6.8 6 0.1 (n 5 5). The 5 min exposure to carbachol at CT 18
(midnight) induced a 6.0 hr phase advance (Fig. 1B) in the SCN
neuronal activity rhythm (which is in agreement with 16.3 6 0.2
hr, n5 3, Liu and Gillette, 1996). 8-Br-cGMP administered in this
way induced a 6.06 0.3 hr phase advance (n5 3) (Fig. 1C). These
advances caused by brief, localized application of cGMP analog
are not significantly different ( p . 0.05) from phase resetting
induced by bathing the SCN for 1 hr in 500 mM 8-Br-cGMP
(16.56 0.2 hr, n5 3, Prosser et al., 1989). Thus, a 5 min exposure
of the SCN to either carbachol or 8-Br-cGMP in a microdrop is
sufficient to initiate the same phase shift as that observed after
bathing the whole hypothalamic slice in the cGMP analog for 1 hr
at CT 18. Together, these data suggest that SCN sensitivity to
carbachol may be functionally related to its sensitivity to cGMP
analogs.
When we compared the phase–response relationships between

the CT of treatment and responses of the SCN clock to carbachol
(100 mM for 5 min in a 1 ml microdrop, Liu and Gillette, 1996) with
those to 8-Br-cGMP (500 mM for 60 min in the bath, Prosser et al.,
1989), the patterns were strikingly similar (Fig. 2). This similarity
included the circadian timing of SCN sensitivity to both stimuli as
well as the amplitude and direction of the phase shifts in the SCN
rhythm. The SCN was generally unresponsive to carbachol and
8-Br-cGMP treatments when either was administered during sub-
jective day but responded with phase advances to treatments
administered throughout subjective night. The largest phase ad-
vances to either carbachol or 8-Br-cGMP (16.3 and 16.5 hr,

respectively) were induced when the treatment was administered
at CT 18. We have demonstrated that this nocturnal effect of
carbachol on SCN phasing is mediated via an mAChR (Liu and
Gillette, 1996); thus, it follows that the signal may activate a
cGMP-dependent pathway to initiate phase resetting.

PKG and GC inhibitors block the response
to carbachol
To explore the possibility that carbachol acts via a cGMP-
dependent pathway, we tested selective inhibitors of steps in
cGMP signaling. First, the SCN slice was preincubated with an
inhibitor specific for cGMP-dependent PKG, KT5823, to deter-
mine whether this could block the phase advance induced by
carbachol. In addition to activating PKG, 8-Br-cGMP can act
directly on cGMP-dependent phosphodiesterases or ion channels
to exert its effect (for review, see Corbin et al., 1990). To evaluate
the potential contribution of these non-PKG-mediated mecha-
nisms, we also tested whether KT5823 could block the phase
advance induced by 8-Br-cGMP. Microdrop application of carba-
chol or 8-Br-cGMP for 5 min at CT 18 induced robust phase
advances of .6 hr (Fig. 3A,B). KT5823 (0.1 mM), when applied in
the bath during the period surrounding agonist treatment,
blocked the phase-advancing effects of both carbachol (100 mM)
and 8-Br-cGMP (500 mM) (11.1 6 0.3 hr, n 5 3 and 11.2 6 0.3
hr, n 5 3, respectively) (Fig. 3C,D); the timing of the peak of the
neuronal rhythm was not significantly different from the effect of
KT5823 alone (11.1 6 0.2 hr, n 5 3; p . 0.05) (Fig. 3E). These
results suggest that both carbachol and 8-Br-cGMP reset the SCN
clock through activation of PKG and, further, that carbachol may
increase endogenous cGMP by stimulating GC.
To determine whether the phase shift induced by carbachol

Figure 1. Carbachol and 8-Br-cGMP applied by microdrop at CT 18
induce similar phase advances of SCN circadian rhythms in brain slices
from inbred rats. A, In control brain slices, the SCN spontaneously
generates a circadian rhythm of neuronal activity that peaks near CT 7 on
days 2 and 3 in vitro (replotted from Ding et al., 1994). B, When a
microdrop of carbachol (Carb, 100 mM in 1 ml) was applied to the SCN at
CT 18 for 5 min, peak activity was advanced by 6.0 hr on subsequent days.
C, When 8-Br-cGMP (500 mM in 1 ml) was applied to the SCN using this
microdrop protocol, peak activity was advanced by 6.5 hr. The 2 hr running
averages 6 SEMs of ensemble SCN neuronal firing rates are plotted
against the CT of recording.Horizontal bars represent subjective night (the
time of lights-off in the donor colony). Thin dashed line indicates the mean
time of peak activity in media-treated slices (CT 6.8 6 0.1; n 5 5).

Figure 2. Comparison of the phase–response relationships for carbachol
and 8-Br-cGMP in resetting the SCN circadian clock. The phase shifts
induced by carbachol (100 mM in 1 ml microdrops, solid circles, Liu and
Gillette, 1996) and by 8-Br-cGMP (500 mM in the bathing medium, open
circles, Prosser et al., 1989) are plotted against the CT at which the
treatment was administered. Each point is the result of a single experiment
in which the time-of-peak neuronal activity on the day after treatment (as
in Fig. 1C) was derived from recording 4–9 neurons /hr over 8–14 hr to
define the peak in neuronal activity. Symbols as in Figure 1.
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requires activation of GC, the biosynthetic enzyme for cGMP, we
evaluated the effect of LY83583, a specific inhibitor of GC. A 30
min exposure of the SCN slice to LY83583 (3 mM) at CT 18 had
no effect on the time-of-peak in neuronal activity in the following
circadian cycle (Fig. 4A). The same LY83583 treatment fully
blocked the phase-advancing effect of carbachol (Fig. 4B) (mean
phase advance 5 0.3 6 0.2 hr, n 5 3) (Fig. 5). However, it did not
block the effect of 8-Br-cGMP (Fig. 4C) (16.3 6 0.3 hr, n 5 3)

(Fig. 5). The fact that the same phase-advancing effect was in-
duced by the cGMP analog in the presence of the GC inhibitor is
consistent with cGMP acting downstream from GC in the signal-
ing pathway. These experiments, together with the similarity of
phase–response relationships between carbachol and 8-Br-cGMP,
support the hypothesis that the cholinergic agonist carbachol
regulates the SCN through a GC/cGMP/PKG-dependent
mechanism.

Carbachol rapidly stimulates cGMP production and
PKG activity in the SCN
These experiments with inhibitors indicate that increased GC
synthesis of cGMP and subsequent PKG activation are necessary
for carbachol to induce resetting of the circadian clock. Therefore,
we directly evaluated the effect of carbachol on each of these
effectors. First, to assess the rate of the activation process, we
examined the time course of PKG phosphotransferase activity
toward a PKG-selective substrate in response to carbachol treat-
ment. To ensure that we measured responses localized within the
SCN, the brain slice was surgically reduced to include only the 500
mm slice of SCN centered along the rostrocaudal axis, a thin rim
of surrounding hypothalamus, and the adherent optic chiasm. The
phosphodiesterase inhibitor IBMX (200 mM, 1 hr preincubation)
was included to preserve cyclic nucleotides generated by the
treatment; this increased basal PKG activity by ;30%, to 6500
cpm, on average. This value was then used as the normalized basal
level before carbachol treatment. Carbachol application rapidly

Figure 3. The PKG-specific inhibitor KT5823 blocks the phase-advancing
effects of both carbachol and 8-Br-cGMP. A microdrop of carbachol
(heavy vertical dashed line) or 8-BR-cGMP (vertical dotted line) applied for
5 min at CT 18 caused 6.4 and 6.0 hr phase advances, respectively (A, B),
in the time of the next peak. A 30 min bath application of KT5823 (0.1 mM)
(vertical solid bar) induced a small phase advance of;1 hr (C). The effects
of carbachol and 8-Br-cGMP were blocked by the KT5823 pulse (D, E).
Symbols are as in Figure 1.

Figure 4. The GC inhibitor LY83583 blocks the effect of carbachol but
not that of 8-Br-cGMP. A 30 min bath exposure to LY83583 (3 mM, vertical
solid bar) did not affect the time-of-peak of the SCN firing rate (A).
LY83583 blocked the phase-advancing effects of carbachol but not of
8-Br-cGMP (B, C; compare with Fig. 3A, B). Symbols are as in Figure 1.
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and significantly increased PKG activity; 32P incorporation rose by
up to 40% between 2 and 5 min of exposure to carbachol, with
statistical significance at 5 min compared with 0 ( p , 0.005), 1
and 10 min (both p, 0.05) (Fig. 6). The control procedure, which
involved the same manipulation as with carbachol but using only
medium, did not increase the PKG activity after 3 min (100 6
15%, n 5 4; p . 0.05). Therefore, carbachol administration
induces a rapid and transient activation of PKG in the SCN at CT
18, the time when it induces phase resetting.
To confirm that carbachol treatment increased cGMP levels, we

measured total cGMP in the tissue and assay medium. Based on
the time course of the increase in PKG activity (Fig. 6), we
examined the cGMP level at 3 min after carbachol or control
treatments. After treatment at CT 18, cGMP levels increased
dramatically (fivefold, on average) in SCN treated with carbachol
(Fig. 7). The cGMP level in vehicle-treated controls was 63.6 6
4.6 fmol /reduced slice, whereas that in carbachol-treated samples
was 291.8 6 78.0 fmol /reduced slice (n 5 7 and 8, respectively;
p , 0.02).
Our previous results demonstrated that phase shifts of SCN

rhythms by cholinergic agonists are mediated by an M1-like
mAChR mechanism (Liu and Gillette, 1996). To evaluate the
pathway by which carbachol increases cGMP production in the
SCN slice, we examined the effects of the muscarinic antagonist
atropine and of the GC inhibitor LY83583 at CT 18. Atropine (1
mM) itself had no effect on the phase of the SCN circadian rhythm
but blocked the ability of carbachol to induce phase advances (Liu
and Gillette, 1996). Pretreatment of the reduced SCN slice with
atropine in the presence of IBMX completely inhibited the
carbachol-stimulated increase in cGMP; thus, cGMP levels were
equivalent to when atropine alone was added (65.9 6 6.3 fmol /
reduced slice and 58.5 6 5.0 fmol /reduced slice, n 5 4 and 3,
respectively; p , 0.05). Likewise, a 15 min exposure to LY83583

was without effect and also fully blocked the carbachol-induced
stimulation of cGMP (65.2 6 1.2 fmol /reduced slice and 58.2 6
7.1 fmol /reduced slice, respectively; n 5 3 for each; p , 0.05).
These results demonstrate that administration of carbachol to the
SCN at CT 18 initiates an mAChR-mediated signaling cascade
that increases cGMP production and, in turn, activates PKG.

DISCUSSION
In the present study, we compared the effect of carbachol on the
circadian rhythm of SCN neuronal activity with the effect of a
cGMP analog, 8-Br-cGMP, studied previously by Prosser et al.
(1989). We found that the phase advance initiated by a 5 min
application of carbachol was of the same amplitude as that in-
duced by a 5- or 60 min exposure to 8-Br-cGMP. The phase–
response relationships between timing of SCN sensitivity to car-
bachol and 8-Br-cGMP and their phase-resetting effects are fully
overlapping; sensitivity to each is restricted to the subjective night.
The specific PKG inhibitor KT5823 blocked the phase advances
induced at midsubjective night (CT 18) by microdrop application
of carbachol or 8-Br-cGMP to the SCN, whereas the GC inhibitor
LY83583 blocked the phase advances induced by carbachol but
not 8-Br-cGMP. PKG activity in the reduced SCN slice was
transiently increased by 5 min after carbachol administration.
Exposure of the SCN to carbachol rapidly increased cGMP levels;
this increase was blocked by inhibiting either mAChRs or GC. We
conclude that muscarinic cholinergic regulation of the SCN cir-
cadian clock at night is mediated via activation of a GC/cGMP/
PKG signaling pathway.

Figure 5. Effects of KT5823 (KT, 0.1 mM) and LY83583 (LY, 3 mM) on the
phase advances induced by a microdrop of carbachol (CARB, 100 mM) or
8-Br-cGMP (500 mM). The phase advances induced by CARB, 8-Br-
cGMP, and 8-Br-cGMP 1 LY were highly significantly different from
controls (**p , 0.01), whereas the other treatments were not ( p . 0.05).
Average phase advances induced by each treatment are represented by
bars, with treatments labeled on top of each bar. Plotted are the mean 6
SEM (n 5 3 for each).

Figure 6. Carbachol administration activates PKG within the SCN. PKG
activity in extracts of reduced SCN slices was measured by monitoring 32P
incorporation into the preferred artificial PKG substrate peptide
RKRSRAE. The general phosphodiesterase inhibitor IBMX (200 mM)
and the specific PKA inhibitor KT 5720 (0.1 mM) were included in the
reaction. The average activity of PKG in each reduced slice immediately
before carbachol treatment (0 min) was taken as 100%. The PKG activity
in the SCN slice exposed to carbachol (100 mM) for 1, 2, 3, 5, and 10 min
was measured and normalized to a percentage of the basal activity.
Transient increase in the PKG activity was observed, with 5 min showing
significant elevation (asterisk) over 0 ( p , 0.005), 1 and 10 min (both p ,
0.05). The number of samples in each group is noted.
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Evidence that ACh activates a nocturnally gated
GC/cGMP/PKG pathway
Our conclusions are supported by three lines of evidence. First,
both the coincidence in the circadian timing of SCN sensitivities
and the similarity of responses to carbachol and 8-Br-cGMP
suggest that they may use a common pathway to induce phase
shifts. The circadian clock in the SCN can be reset by a number of
intercellular messengers, including serotonin (Prosser et al., 1990;
Medanic and Gillette, 1992), neuropeptide Y (Medanic and Gil-
lette, 1993), glutamate (Ding et al., 1994), and melatonin
(McArthur et al., 1997). Yet, the ability of the SCN to respond to
each of these stimuli is restricted, or gated, to discrete domains of
the circadian cycle. Further, these changes in gating occur in SCN
under constant conditions in vitro; therefore, differential gating
must be a clock-controlled process (Gillette, 1996). Responses of
the SCN to several candidate intracellular messengers are also
differentially gated (Prosser and Gillette, 1989; Prosser et al.,
1989; Ding et al., 1994, 1997). This implies that a critical level of
clock-controlled gating lies downstream from the second messen-
ger(s) activated by various neurotransmitter systems (Gillette,
1996). It follows that the apparent similarity in the responses of
the SCN clock to carbachol and 8-Br-cGMP suggests that they act
via a common signaling pathway that can access the clock mech-
anism only at night and that gating of this response can be
controlled at a site downstream from cGMP.
Second, both the PKG inhibitor KT5823 and the GC inhibitor

LY83583 blocked the effect of carbachol on clock phasing.
KT5823 is a highly selective inhibitor of PKG (Ki 5 0.2 mM for
PKG, Ki . 10 mM for PKA, and Ki 5 4 mM for PKC) (Glass and
Krebs, 1982). Thus, it is unlikely that KT5823, used at 0.1 mM in
these experiments, acted through nonspecific inhibition of other
kinases. LY83583, a widely used GC inhibitor that also inhibited
cGMP production in the SCN (Fig. 7), did not block the effect of
8-Br-cGMP. This is consistent with cGMP lying downstream from
GC in the signaling pathway by which the clock mechanism is
accessed. The observation that two inhibitors acting at different
levels of the same cGMP signal transduction pathway each inhib-
ited the effects of carbachol in the SCN indicates that the
carbachol-induced nocturnal phase shift is caused by specific
activation of GC and PKG.
Third, carbachol significantly increased both PKG activity and

cGMP production in the SCN. We monitored 32P incorporation
into the preferred substrate of PKG (Glass and Krebs, 1982;
Weber, 1995) in the presence of a selective PKA inhibitor, KT
5720, conditions unlikely to measure phosphorylation caused by a
kinase other than PKG. Furthermore, KT5823 is an effective
inhibitor of this kinase in this tissue; it blocks 32P incorporation
into natural substrate proteins of SCN tissue by endogenous PKG
(L. Faiman, unpublished observations). The time course of the
increase in PKG activity in the SCN by carbachol is similar to the
time course of the cGMP increase in rat superior cervical ganglia
(Ando et al., 1994). To further test our hypothesis, a highly
specific cGMP immunoassay was used to measure cGMP produc-
tion in response to carbachol; a significant increase in cGMP was
observed within 3 min. The relatively smaller amplitude of in-
crease in the PKG activity stimulated by carbachol compared with
enhancement of actual cGMP levels could reflect a limited
amount of PKG available for activation by cGMP. Nevertheless,
the increases in both the cGMP level and PKG activity in SCN
stimulated by carbachol strongly support the conclusion that car-
bachol acts through a cGMP/PKG pathway to induce phase shifts.

Coupling of mAChR-activation to a cGMP pathway
The increase in cGMP induced by carbachol was blocked by 1 mM
atropine, indicating involvement of an mAChR. Our study of the
pharmacology of cholinergic regulation of the SCN circadian rhythm
concluded that the nocturnal response to cholinergics is mediated by
an M1-like mAChR subtype (Liu and Gillette, 1996). The relative
potencies of muscarinics inducing phase advance at CT 18 are
ACh.McN-A-343. carbachol;muscarine, and relative efficacies
of antagonists in blocking carbachol are atropine . pirenzepine .
4-DAMP. Molecular cloning has revealed five subtypes of mAChRs,
m1–m5 (Bonner et al., 1987, 1988), the first four of which correspond
to the M1–M4 receptors identified pharmacologically (Waelbroeck
et al., 1986, 1990; Ehlert and Tran, 1990; Watson and Abbot, 1992).
These muscarinic subtypes can impinge on a range of signal trans-
duction pathways, including activating phospholipase C through m1,
m3, andm5 receptors, inhibiting adenylyl cyclase throughm2 andm4
receptors, as well as activating G-protein-mediated ion channels
(Hulme et al., 1990).
Coupling of mAChR activation and cGMP production has been

demonstrated in both peripheral and central nervous tissue and in
cell culture. For example, stimulation of mAChRs causes cGMP
accumulation in ganglionic tissues of various species (Wamsley et
al., 1979; Frey and McIssac, 1981). More recently, ACh agonists
have been reported to increase cGMP synthesis via an mAChR in
brain tissue and in neuroblastoma cells (Tonnaer, 1991; Castoldi
et al., 1993; Hu and El-Fakahany, 1993; Mathes and Thompson,

Figure 7. Carbachol increases cGMP production in the reduced SCN
slice via an mAChR. Levels of cGMP in the SCN slices and assay medium
were measured in the presence of IBMX by SPA (Amersham). When
reduced SCN slices were treated with carbachol (100 mM) for 3 min at CT
18, the level of cGMP increased significantly, from 63.6 6 4.6 fmol /
reduced slice in vehicle-treated samples to 291.86 78.0 fmol /reduced slice
(n 5 7 and 8; p , 0.002). This carbachol-induced increase in the cGMP
was completely blocked by the muscarinic antagonist atropine (1 mM) as
well as by the GC inhibitor LY83583 (3 mM), which themselves had no
effect on the cGMP level in the SCN (n 5 4 and 3, respectively; p . 0.05).
Results of individual experiments (open circles) overlay the bars repre-
senting the mean 6 SEM.
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1996). The link between the mAChR and cGMP synthesis is
indirect, because no G-protein-activated GCs have been found.
Instead, signaling through mAChRs appears to involve an inter-
mediary, such as Ca21/nitric oxide (NO) (Schultz et al., 1973;
Castoldi et al., 1993; Hu and El-Fakahany, 1993; Ando et al.,
1994; Mathes and Thompson, 1996), CO (Ingi et al., 1996), and /or
a metabolite of arachidonic acid (Snider et al., 1984; McKinney
and Richelson, 1986). It remains to be tested whether NO, CO,
arachidonic acid, or multiple pathways are involved in the mus-
carinic regulation of the SCN circadian rhythm.

cGMP and circadian clock regulation by
cholinergic signals
ACh is among the longest-studied regulators of circadian timing.
Cholinergics have been administered at a range of sites in the
periphery and CNS, and their effects on circadian rhythms have
been measured at various endpoints (behavior, hormone secre-
tion, neuronal activity). Because the results have not produced a
congruent profile of timing of sensitivity, site of efficacy, or recep-
tor–effector coupling, a question still remains as to the role of
cholinergic signaling in the regulation of the circadian system.
Various cholinergic sensitivities at multiple brain and peripheral
levels subserving circadian rhythmic processes are likely to under-
lie the lack of coherence in these observations.
Yet despite the diversity in these experimental designs, the

resulting windows of circadian sensitivity to cholinergics have
strong correlations with the window of circadian sensitivity to
light. Light is the most powerful nocturnal regulator of circadian
rhythms. Retinal fibers project directly both to the SCN, site of the
circadian clock, and to the basal forebrain cholinergic neurons,
which function in sleep and arousal (Semba, 1991; Steriade and
McCarley, 1990). Thus, light could activate neurons in the basal
forebrain complex to release ACh onto SCN neurons during
glutamatergic neurotransmission from projections of the retino-
hypothalamic tract. Cholinergic–glutamatergic interactions are
well documented in brain sites modified by learning (Aigner,
1995). It follows that the phase-resetting signal at the SCN may
represent the integration of ongoing activities in brain regions
subserving sleep and wakefulness with those from other brain sites
regulating the biological clock. Indeed, the GC/cGMP/PKG path-
way, which we here demonstrate mediates coupling of SCN
mAChRs and circadian clock processes, contributes to light-
stimulated nocturnal phase resetting in the phylogenetically dis-
tant clocks of both hamsters (Weber et al., 1995; Mathur et al.,
1996) and sea hares (Eskin et al., 1984).
We have approached the contentious issue of whether and in

what way cholinergic stimulation affects the circadian clock by
studying a brain slice preparation and selectively manipulating the
neurochemical environment of this isolated SCN. Although we do
not exclude a nicotinic response at other times of day (see Tras-
chel et al., 1995), our evaluation of cholinergic mechanisms gen-
erates remarkably coherent support for our initial hypothesis:
nocturnal cholinergic stimulation of mAChRs within the SCN can
reset the circadian clock by stimulating GC, generating cGMP,
and activating PKG. Important support for this pathway would be
contributed by demonstration that M1 mAChRs are localized in
proximity to cholinergic terminals within the SCN.
Although mechanisms that restrict the cholinergic response to

the clock’s nocturnal domain are unknown, access is likely regu-
lated along signaling pathways. Because cGMP analogs reset the
SCN at night, but not daytime, at least one gating site lies
downstream from cGMP. Precisely which steps downstream from

cGMP are gated by the clock, what molecular mechanisms regu-
late their open state, and how they facilitate clock access during
state-dependent changes in other brain regions, such as those
contributing to sleep and wakefulness, will be important to estab-
lish. Nevertheless, this demonstration of mediation of nocturnal
clock resetting is among the first studies to identify a specific
functional consequence of the coupling of mAChRs and the
cGMP signaling pathway in the CNS.
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