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Cholinergic Regulation of the Suprachiasmatic Nucleus Circadian
Rhythm via a Muscarinic Mechanism at Night

Chen Liu' and Martha U. Gillette'23

1Neuroscience Program, and Departments of 2Cell and Structural Biology and 3Physiology, University of lflinois at
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In mammals, the suprachiasmatic nucleus (SCN) is responsible for
the generation of most circadian rhythms and for their entrainment
to environmental cues. Carbachol, an agonist of acetylcholine
(ACh), has been shown to shift the phase of circadian rhythms in
rodents when injected intracerebroventricularly. However, the site
and receptor type mediating this action have been unknown. in
the present experiments, we used the hypothalamic brain-slice
technique to study the regulation of the SCN circadian rhythm of
neuronal firing rate by cholinergic agonists and to identify the
receptor subtypes involved. We found that the phase of the os-
cillation in SCN neuronal activity was reset by a 5 min treatment
with a carbachol microdrop (1 wl, 100 um), but only when applied
during the subjective night, with the largest phase shift (+6 hr)
elicited during the middle of the subjective night. This effect also
was produced by ACh and two muscarinic receptor (mAChR)

agonists, muscarine and McN-A-343 (M1-selective), but not by
nicotine. Furthermore, the effect of carbachol was blocked by the
mAChR antagonist atropine (0.1 um), not by two nicotinic antag-
onists, dihydro-B-erythroidine (10 um) and d-tubocurarine (10 um).
The M1i-selective mAChR antagonist pirenzepine completely
blocked the carbachol effect at 1 um, whereas an M3-selective
antagonist, 4,2-(4,4’'-diacetoxydiphenylmethyl)pyridine, partially
blocked the effect at the same concentration. These results dem-
onstrate that carbachol acts directly on the SCN to reset the
phase of its firing rhythm during the subjective night via an M1-like
mAChHR.
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The suprachiasmatic nucleus (SCN) of the hypothalamus has
been identified as a primary pacemaker for circadian rhythms in
mammals. Circadian rhythms are synchronized to environmental
cues such as the solar light—dark cycle by afferent signals that have
complex interactions with the SCN pacemaker. Brief light pulses
administered to animals maintained in continuous darkness are
capable of shifting the phase of their behavioral and physiological
rhythms in a direction that depends on the time of administration
of the pulse (De Coursey, 1964). Pharmacological studies have
revealed a number of chemical agents that phase-shift circadian
rhythms in rodents (for review, see Rusak and Bina, 1990).
Carbachol, an agonist of acetylcholine (ACh), has been reported
to induce phase shifts in the circadian rhythm of pineal
N-acetyltransferase (NAT) activity in rats and locomotor activity
in mice and hamsters. Phase shifts were similar to those induced
in response to brief light pulses, namely, delays in early subjective
night and advances in late subjective night (Zatz and Brownstein,
1979; Zatz and Herkenham, 1981; Earnest and Turek, 1983, 1985;
Wee et al., 1992). However, Meijer et al. (1988) reported that
carbachol induced only phase advances. Because almost all of
these in vivo studies used intracerebroventricular injection, the
site of action could not be determined.
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The possibility of a direct regulation of the SCN by cholin-
ergics is suggested by neuroanatomical studies. Both the ACh-
degrading enzyme acetylcholinesterase and the biosynthetic
enzyme choline acetyltransferase are present in the SCN and
its surrounding neuropil (Brownstein et al., 1975; van den Pol
and Tsujimoto, 1985; Ichikawa and Hirata, 1986; Rao et al.,
1987; Tago et al., 1987). Using monoclonal antibodies against
the muscarinic and nicotinic ACh receptors (mAChR,
nAChR), both antigens were identified within the rat SCN (van
der Zee et al., 1991). More recently, the sites of cholinergic
neurons that project to the SCN area have been identified
(Bina et al., 1993) and include the basal nuclear complex of the
forebrain and the laterodorsal tegmental, pedunculopontine
tegmental, and parabigeminal nuclei of the brainstem. Al-
though the functional significance of these pathways remains to
be determined, it has been speculated that they are part of a
feedback loop between the regulation of sleep/arousal and the
circadian timing system (Bina et al., 1993).

The receptor mechanisms underlying the effect of carbachol on
circadian rhythms have been uncertain (for review, see Rusak and
Bina, 1990). Although nicotinic sites appeared to mediate the
light-like influence of carbachol on pineal NAT activity, a role for
muscarinic receptors was not ruled out (Zatz and Brownstein,
1981). In a recent study using the brain-slice preparation, bath-
applied nicotine, but not carbachol, was reported to phase-
advance the SCN neuronal activity rhythm (Trachsel et al., 1995).
A majority of SCN neurons were excited by iontophoresis of ACh
(Nishino and Koizumi, 1977) or by systemic injection of cholin-
ergic agonists (Miller et al., 1987) in rats. However, the effects of
ACh on the activity of the SCN neurons recorded in vitro were
predominantly inhibitory (Shibata et al., 1983; Kow and Pfaff,
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1984) and could be blocked by atropine (Kow and Pfaff, 1984),
indicating the involvement of mAChRs.

Spontaneous neuronal firing of the SCN in the hypothalamic
brain slice is patterned, appearing as a circadian oscillation
(Green and Gillette, 1982) that is stable for at least three cycles
(Prosser and Gillette, 1989). In the present study, we evaluated
the temporal sensitivity of this rhythm of neuronal firing in the
SCN to direct cholinergic stimulation in vitro. We sought to
answer the following questions. (1) Can cholinergic agonists act
directly on the SCN to alter the phase of the neuronal activity
rhythm in the isolated rat SCN? (2) If so, which receptors are
involved in the cholinergic regulation?

Preliminary findings of this study have been reported in abstract
form (Liu and Gillette, 1994).

MATERIALS AND METHODS

Animals and brain-slice preparation. Eight-week-old male and female
Long-Evans rats from our inbred colony were used in this study.
Animals were maintained and tissue-prepared in full accord with
institutional and federal guidelines for the humane treatment of ani-
mals. The animals were kept on a schedule of 12 hr of light and 12 hr
of darkness and fed ad libirum. The animals were killed during the
“lights-on” period of the 24 hr cycle. This was necessary to avoid
phase-shifting effects, which have been shown to occur with manipula-
tions at night (Gillette, 1986). The animals were decapitated, and the
brain was dissected quickly from the skuill. The brain then was sec-
tioned manually to form a block of tissue containing the hypothalamic
region. This block of tissue was transferred to a mechanical tissue
chopper on which 500 wm coronal slices were made.

The hypothalamic slices containing the SCN then were transferred to
the brain-slice dish, in which they were maintained for up to 3 d. The
brain-slice dish was modeled after Hatton et al. (1980). The dish con-
sisted of an inner chamber and an outer chamber. The outer chamber was
filled with d-H,O warmed to 37°C and bubbled continuously with 95%
0,/5% CO,. The slice in the inner chamber was perifused at 35 ml/hr with
warmed, oxygenated Earle’s balanced salt solution [(in mm) 1.8 CaCl,, 5.3
KCl, 0.8 MgSO,, 117 NaCl and 1 NaH,PO,H,0O; Gibco, Gaithersburg,
MD] supplemented with 24.6 mm glucose, 26.3 mM sodium bicarbonate,
and 0.005% gentamycin, pH 7.3-7.4.

Extracellular electrical recording and data analysis. Under these con-
stant conditions of incubation in a brain slice, the SCN generates a near
24 hr oscillation in firing activity of the neuronal ensemble (Green and
Gillette, 1982). The unperturbed sinusoidal pattern of ensemble activ-
ity is predictably high during the subjective day, peaking mid-day near
circadian time 7 (CT 7, or 7 hr after “lights on” in the 24 hr lighting
schedule in the rat colony), and low during subjective night (Gillette
and Prosser, 1988), so that measurement of the time-of-peak can be
used as an accurate assessment of the phase of the oscillation (Gillette
et al., 1995).

The details of this sampling method and validation of this technique for
determining the phase of the SCN circadian rhythm of ensemble neuro-
nal firing rate have been published previously (Prosser and Gillette,
1989). Briefly, extracellular recordings from single cells were made using
glass microelectrodes filled with 5 M NaCl. An electrode was lowered into
the SCN using 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 sent to a computer for counting. The
firing rate of each cell was monitored over two consecutive 2 min periods,
and the values were averaged to determine the mean firing frequency of
that cell at that circadian time. The electrode then was repositioned
arbitrarily within the SCN until another cell was encountered. An attempt
was made to sample all areas of the nucleus. In each experiment, 40-70
cells were recorded over a period of 8-12 hr.

The firing rates of individual SCN neurons recorded during each
experiment were grouped into 2 hr bins based on the circadian time at
which they were counted. Successive bins were offset by 15 min to
produce a running average. This procedure smooths the measurements
made on individual neurons, which show a range of activities, and permits
better resolution of the circadian time-of-peak in the activity rhythm of
the neuronal ensemble. The time-of-peak then was determined by visual
inspection of a graph of these values for the symmetrically highest point.
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To simplify the illustrations, only the 2 hr means offset by 1 hr are
presented in Figures 1, 3, 5, and 6. The phase shift was determined by
comparing the time-of-peak electrical activity in drug-treated slices with
that of media- and vehicle-treated control slices. The effect on the
time-of-peak of a single treatment on a single SCN, the individual
neuronal activities of which were monitored for 8-12 hr, constituted a
single n for each experiment presented here. Differences between groups
were evaluated using Student’s unpaired ¢ test. Because we did not
observe any difference between male and female rats, the data from male
and female rats were combined.

Experimental treatments. Slices were allowed to equilibrate for at
least 2 hr in the recording chamber before any chemical treatment.
Cholinergic agonists and antagonists were dissolved in normal incuba-
tion medium. Before application, the test solution was adjusted to pH
7.4 and was warmed to 37°C and bubbled with 95% O,/5% CO,. At the
circadian time selected for evaluation, perifusion was stopped, a 1 ul
drop of medium containing carbachol, ACh, or other cholinergic ago-
nist was applied to each SCN for 5 min and then washed away toward
the optic chiasm, after which slice perifusion with normal medium was
resumed. In the experiment using the antagonists, the normal bathing
medium was replaced in <2 min with warmed, oxygenated medium, pH
7.4, containing the inhibitory substance. After 10 min, a drop of control
medium or medium containing carbachol was applied as stated above.
Five minutes later, the surface of the slice was rinsed with medium
containing the antagonist and incubated for an additional 15 min. The
bath treatment medium then was exchanged completely for normal
medium and perifusion was resumed. Electrical activity then was mon-
itored during the subsequent 1 or 2 circadian cycles to determine the
time of the peak in neuronal firing (see data analysis). Carbachol was
from Sigma (St. Louis, MO); other agonists and antagonists were from
Research Biochemicals (Natick, MA).

RESULTS

Carbachol applied to the SCN resets the neuronal
firing rhythm during subjective night

The sensitivity of the isolated pacemaker to cholinergic resetting
of its phase was examined by applying microdrops (100 um, 1 pl)
of the cholinergic agonist carbachol directly to each of the paired
SCN in a hypothalamic brain slice for 5 min. The rhythm of firing
rate was examined the next day. When a microdrop containing 100
M carbachol in medium was applied in the middle of the subjec-
tive day at CT 6 on day 1, the subsequent peak in electrical activity
occurred at CT 6.3 = 0.1 (n = 3) on day 2. An example of the
rhythm of one SCN treated at CT 6 appears in Figure 1.4. This
time-of-peak is not significantly different from media-treated con-
trols (CT 6.8 = 0.1, p > 0.05; n = 5). In contrast, when SCN were
exposed to an identical treatment during mid-subjective night at
CT 18 on day 1, the pattern of firing rate in the next cycle (day 2)
was altered. Peak activity no longer occurred near CT 7, the
normal peak time, or the time in media-treated control; rather,
the peak occurred early (Fig. 1B), at CT 0.7 = 0.2 (n = 3) the next
day. Compared with the time-of-peak on day 2 of media-treated
control experiments (CT 6.8 = 0.1; n = 5), this represents a mean
advance of the phase (¢A4) of 6.1 hr (p < 0.0001). To determine
whether these phase advances were stable, we monitored the
electrical activity rhythm for a second cycle after treatment (day 3
in vitro). As shown in Figure 1C, the time of peak firing rate was
again at CT 1.0 in the second cycle after treatment of carbachol at
CT 18.

It is possible that carbachol diffused away from the site of
application and the effect measured was attributable to its action
on a structure in the hypothalamic slice outside the SCN. There-
fore, we used a reduced slice preparation that contained only
SCN, the underlying optic chiasm, and a small rim of hypotha-
lamic tissue. The time of peak activity recorded from reduced
slices was unchanged from that of the normal slice preparation
(Gillette and Reppert, 1987). When applied as a microdrop to
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Figure 1. Phase-dependent effects of carbachol on the circadian

rhythm of electrical activity. 4, Carbachol treatment (100 um in a 1 ul
droplet) at CT 6 on day 1 in vitro had little effect on the time-of-peak
in neuronal activity on day 2 (peak at CT 6.25). B, The same carbachol
treatment at CT 18 on day 1 shifted the electrical activity rhythm so
that the time-of-peak activity on the second day in vitro occurred at CT
1.2, which is 5.6 hr earlier than normal. C, Electrical activity recorded
in a separate slice treated at CT 18 on day 1 peaked at CT 1.0 on the
third day. The time of the shifted peak in activity was consistent across
experiments (¢4 = +6.3 = 0.2 hr; n = 3). The 2 hr means = SEM of
all single units recorded (solid circles) are plotted for each 2 hr interval
offset by 1 hr to produce a running average that better discriminates the
time-of-peak activity. Small open circles in A (omitted in B and C)
represent the average firing rate of each neuron sampled. This permits
visualization of the data on which 2 hr means are based. Horizontal bars
indicate subjective night (CT 12-24), the time of lights-off in the donor
colony. Vertical open bars indicate the time of treatment. Dashed lines
indicate the mean time-of-peak activity in control slices (CT 6.8 = 0.1;
n = 5).

these SCN, carbachol still shifted the rhythm in the same way
(peak = CT 0.8, ¢4 = 6 hr; n = 2). Thus, we conclude that
carbachol stably phase-shifts the neuronal activity rhythm of the
SCN via direct action on the SCN,

To characterize the differential temporal sensitivity of the
pacemaker to carbachol more fully, we examined the effects of
carbachol microdrops (100 uMm) applied for 5 min at various
points in the circadian cycle. Because the advanced peak in
firing activity appeared 67 hr after carbachol treatment at CT
18, and activity peaked again 24 hr later, the phase changes
induced by carbachol appeared to be completed within 6—7 hr
after the treatment of carbachol. Therefore, the phase changes
in this series of experiments were determined during the cycle
after treatment. The resulting relationship between the circa-
dian phase of treatment and the response of the pacemaker, a
phase-response curve, is shown in Figure 2. When applied at
points throughout the subjective day, carbachol induced little
or no change (+0.9 = 0.2 hr, between CT 0 and CT 12; n = 7).
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Figure 2. Relationship between the circadian time of carbachol treat-
ment and its effect on the phase of the firing activity rhythm. The phase
shifts induced by a 5 min exposure to 100 uM carbachol in 1 ul droplets
at various circadian times were measured, and the average magnitudes
of phase shifts = SEM (n = 3-6) were plotted. This figure is based on
measurements across the 24 hr circadian cycle with a total of 21
experiments. Experiments were performed at 12 circadian times, which
were grouped in 2 hr bins, and the means were plotted at the midpoint
of the bin. The number of experiments in each bin is noted. For each
experiment, the time-of-peak activity rhythm is based on the rhythm
derived from measurements of 41-66 cells. Treatment during subjec-
tive night (horizontal bar) caused a significant phase advance in the
peak of the circadian rhythm of electrical activity. The largest phase
advance occurred at CT 17-19 (+6.1 = 0.3 hr; n = 6), whereas
treatment during subjective daytime (CT 0-12) had little effect on the
rhythm.

However, the SCN circadian rhythms were reset significantly by
carbachol throughout subjective night: the largest phase
changes (+6.1 = 0.3 hr; n = 6) occurred when carbachol was
applied between CT 17 and CT 19.

The effect of carbachol is dose-dependent and
mimicked by ACh and by muscarinic agonists, but not
by nicotine

Dose-response relationships were determined at CT 18, the time
of maximal phase shift to carbachol. Examination of the dose—
response relationship for carbachol with the 5 min microdrop
treatment shows that the half-maximal response occurred near 1
uM, whereas the maximal resporise (+6.3 hr) occurred at 10 um.
The neurotransmitter ACh induced a similar phase advance (+5.3
hr) at 0.1 um. Effects of two muscarinic agonists, muscarine and
the Ml-selective McN-A-343, also were tested at a range of
concentrations. They both induced a phase advance with the
largest phase advances (+6.5 hr for McN-A-343 at 1 um and +6.3
hr for muscarine at 100 um) within the amplitude range of those
induced by carbachol (Figs. 3, 4). The nAChR agonist nicotine
had no effect at concentrations of 1 and 10 uM (rn = 3). At 100 uM
nicotine induced very small phase advances (+1.2 = 0.3 hr; n =
3), which were statistically significant (0.001 < p < 0.05; Figs. 3,
4). The relative potency of these agonists in shifting the SCN
rhythm is as follows: ACh > McN-A-343 > carbachol =~ musca-
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Figure 3. Effects of different cholinergic agonists applied at CT 18 on the
time-of-peak in the SCN electrical activity rhythm. Results of three indi-
vidual experiments are plotted as the running 2 hr mean firing rates versus
circadian time. Both 100 M muscarine (4) and 10 pMm Mil-selective
agonist McN-A-343 (B) induced phase advances of ~6 hr such that the
peak on day 2 occurred at CT 1. Nicotine (100 uM; C) caused a 1 hr phase
advance. Symbols are as in Figure 1.

rine >> nicotine (Fig. 4). These experiments suggest that
mAChRs mediate cholinergic regulation of the SCN rhythm at
night.

The effect of carbachol is not affected by

nicotinic antagonists

To confirm that an nAChR is not involved in the carbachol-
induced phase shift, the effect of a competitive nicotinic antago-
nist, dihydro-g-erythroidine (DHBE), was examined. DHBE (10
uM) did not affect the time-of-peak of the SCN activity rhythm
when bath-applied for 30 min surrounding CT 18 (peak of CT 6.8
*+ 0.1 hr, n = 3; Fig. 54); nor did the DHBE treatment attenuate
the 6 hr phase advance induced by the 5 min carbachol (100 um)
microdrop at the middle of the DHBE pulse, at CT 18 (+6.0 = 0.1
hr, n = 3; Fig. 5B). DHBE has been shown to block nicotinic
depolarizations of neurons in the brain slices at concentrations of
10 pM to 10 um (Wang et al., 1991; Stevens et al., 1993). Because
nAChRs in central nervous system neurons are diverse, the effec-
tiveness of a second nicotinic antagonist, d-tubocurarine, in block-
ing the effect of carbachol was tested. d-Tubocurarine may act at
a different subtype of neuronal nAChR. Application of
d-tubocurarine (10 um) for 30 min did not shift the SCN-activity
rhythm (data not shown) or block the carbachol-induced phase
advance at CT 18 (n = 3; Fig. 5C). These results demonstrate that
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Figure 4. Dose—response curves for cholinergic agonists. Plotted are the
averages = SEM of phase advances of the electrical activity rhythm
induced at CT 18 by 5 min exposure to various concentrations of each
agonist. Treatments were applied as 1 ul droplets so that the effective
concentration likely was somewhat lower than that in the test solution.
The number of experiments contributing to the mean phase shift produced
at each concentration is labeled. ACh, the nonspecific agonist carbachol,
and specific muscarinic agonists muscarine and M1-selective McN-A-343
induced dose-dependent phase shifts of the neuronal activity rhythm.
Relative potency was as follows: ACh > McN-A-343 > carbachol ~
muscarine >> nicotine. The specific nicotinic agonist nicotine had no
effect at concentrations of 1 and 10 uM, but induced a small phase advance
(+1.2 = 0.3 hr; n = 3) at the highest treatment level (100 um).

the activation of nAChR is not required in the phase-shifting
effect induced by carbachol.

The effect of carbachol is blocked differentially by
muscarinic antagonists

To demonstrate further that carbachol acts via an mAChR
to induce phase shifts and to explore the mAChR subtypes
involved, we wused three mAChR antagonists: atropine
(nonselective), pirenzepine (Ml-selective), and 4,2-(4,4'-
diacetoxydiphenylmethyl)pyridine ~ (4-DAMP, M3-selective).
When applied in the bath at the concentration of 0.1 um during
the period surrounding carbachol treatment, atropine blocked the
phase-advancing effect of carbachol (100 puM) at CT 18 (+1.1 =
0.3 hr, n = 3; Figs. 6, 7). Atropine alone did not have an effect on
the phase of the SCN rhythm at concentrations up to 1 pum. The
M1-selective antagonist pirenzepine blocked the phase-advancing
effect of carbachol (100 um) at CT 18 at a concentration of 1 um
(+0.67 = 0.08 hr, n = 3; Figs. 6, 7), and less effectively at 0.1 um
(+3.9 £ 0.1 hr; n = 3). 4-DAMP, which is M3-selective, partially
blocked the effect of carbachol at a concentration of 1 um (+4.1
= 0.1 hr, n = 3; Fig. 7). The relative potency of the muscarinic
antagonists in blocking the effect of carbachol is as follows: atro-
pine > pirenzepine > 4-DAMP.

DISCUSSION

By evaluating the direct action of carbachol on the circadian
rhythm of SCN neuronal activity, we have demonstrated that the
SCN is itself sensitive to cholinergic phase resetting in a noctur-
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Figure 5. Effects of the nicotinic antagonists DHBE and d-tubocurarine.
A, A 30 min bath application of DHBE (10 pM) alone surrounding CT 18
had no effect on the activity rhythm. B, The same DHE treatment did not
prevent the & hr phase advance induced by carbachol (CARB; 100 uM
microdrop for S min at CT 18). €, Likewisc, a 30 min bath application of
d-tubocurarine {dTC) alone was without effect (data not shown), and it did
not block the carbachol-induced 6 hr phase advance (100 uM microdrop
for 5 min at CT 18). Vertical bars with horizoniad fills represent bath
application of the antagonist; superimposed in B and C is the agonist
treatment (vertical open bar). All other symbols are as in Figure 1.

nally restricted pattern and via an mAChR mechanism. The
specific findings of our experiments were as follows. (1} The SCN
circadian rhythm was phase-advanced up to 6 hr by direct appli-
cation of the cholinergic agonist carbachol to the SCN in the brain
slice, and sensitivity to carbachol was circadian phase-dependent,
occurring only during the subjective night. (2) This change in
sensitivity is driven by endogenous clock mechanisms because it
occurred in the isolatcd SCN in vitro. (3) The phasc-shifting effect
of carbachol was reproduced by ACh and two muscarinic agonists,
muscarine and MeN-A-343 (M1-selective), but not by nicotine. (4)
The nAChR antagonist DHBE (10 um) did not affect the
carbachol-induced phase advance. (5) Both the muscarinic antag-
onist atropine (0.1 um) and the Ml-selective antagonist pirenz-
epine (1 um) blocked the carbachol phase-shifting effect, whereas
the M3-selective antagonist 4-DAMP (1 pM) partially blocked the
effect.

Site of action

The site at which carbachol affects circadian rhythms has resisted
identification in whole-animal studies. The observation that in-
tracerebroventricular injection of this cholinergic agonist causcs
phase shifts has suggested that it acts within the SCN or at
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Figure 6. Blockade of carbachol-induced phase shift at CT 18 by the
muscarinic antagonists atropine and pirenzepine. A, A 30 min bath appli-
cation of atropine (ATRO; 1 M} alone surrounding CT 18 had no effect
on the activity rhythm. B, Atropine (0.1 um) blocked the effect of a 5 min
carbachol (C4RB) microdrop (compare Fig. 1). C, The selective M1
antagonist pirenzepine (PZP; 1 uM) also blocked the effect of carbachol at
CT 18; pirenzepine alonc had no cffect on phase (data not shown).
Symbols are as in Figure 5.

neurons that project to the SCN. In the present study, we dem-
onstrated that carbachol can induce the same phase shift in the
reduced slice preparation (limited to the SCN region) as it does in
the hypothalamic slice. Therefore, carbachol must act directly on
the SCN or in its immediate vicinity to induce the phase shift of
the SCN neuronal activity rthythm. Although we cannot exclude
the possibitity that carbachol acted on optic nerve terminals that
remain in this reduced preparation, the most likely site of action
is on SCN neurons, which express both muscarinic and nicotinic
receptors {van der Zee et al., 1991).

Our study of the response of the SCN in vitro does not rule out
the possibility that, in addition to acting directly on SCN neurons,
carbachol injected intracerebroventricularly in vivo acts indirectly
at different brain sites on neurons that project to the SCN to exert
its effect on the behavioral circadian rhythms. Although early
studies showed a light-like effect of intracerebroventricularly in-
jected carbachol on wheel-running activity (Zatz and Herkenham,
1981), this was not repeated by others. Meijer et al. (1988)
reported only phase advances, whereas Wee et al. (1992) observed
much smaller amplitude of phase delays (1.2 hr) induced by
carbachol compared with phase advances (4.3 hr), It is likely that
the phase-delaying effect of carbachol seen in vive is attributable
to interaction with the retinohypothalamic tract (RHT) glutama-
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Figure 7. Relative potency of muscarinic antagonists in blocking the
effect of carbachol at CT 18. Microdrop applications of 100 um carbachol
(CARB) for 5 min induced a 6.3 = 0.2 hr phase advance at CT 18 (n = 3).
Muscarinic antagonists atropine (0.1 uM), pirenzepine (PZP, Ml-selec-
tive; 0.1 and 1.0 uM), and 4-DAMP (M3-selective, 1.0 uM) were tested for
their ability to block the carbachol-induced phase shift. Treatments and
concentrations (in uM) are labeled above each bar, and the number of
replications (n = 3 for each) is noted within each bar. Plotted are the
means = SEM.

tergic system at sites not preserved well in the SCN brain slice (see
below); this may modify its direct effect on the SCN pacemaker.

Receptor subclasses and subtypes

Carbachol is a nonselective cholinergic agonist that activates
mAChR and nAChR subclasses. Previous studies of the effect of
carbachol on the circadian rhythms in vivo were not conclusive as
to receptor mechanism. The neurophysiological effects of cholin-
ergic agents on SCN cells are also controversial. In the present
study, we found that large-amplitude phase shifts induced by
carbachol at CT 18 were produced by other cholinergics with the
potency rank order as follows: ACh > McN-A-343 > carbachol ~
muscarine. These effects were not produced by nicotine (1-100
puM). In addition, the muscarinic antagonists atropine and piren-
zepine blocked the effect of 100 um carbachol at 0.1 and 1 um
concentrations, whereas two nicotinic antagonists, DHBE and
d-tubocurarine, did not show any blocking effect at a concentra-
tion of 10 um. These results demonstrate that nAChR activation
is unlikely to contribute significantly to phase-shifting the circa-
dian clock at CT 18; rather, mAChR-mediated mechanisms can
access the clock in its nocturnal state.

Our results differ from those of a recent study (Trachsel et al.,
1995), which reported that the SCN rhythm was advanced by 2 hr
on average, independent of the CT, by nicotine. That paradigm
examined the response to nicotine (10 um for 1 hr in the bath)
applied across the circadian cycle. Our results do not dispute the
report that nicotine can cause small phase advances. We also
observed that nicotine (100 uM in a microdrop) caused a small
phase advance (1.2 hr; see Fig. 4). However, they reported that
carbachol was without effect. Although the discrepancy between
the studies could be attributable to the differences in the methods
of treatment and rat strains used, it should be noted that Trachsel
et al. (1995) did not test the effect of carbachol between CT 15 and
CT 21, which we demonstrate in this study to be the most sensitive
period for carbachol to induce the phase shift.
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Molecular cloning techniques have identified five genes (ml,
m2, m3, m4, and m5) that encode distinct mAChRs. The m1,
m2, m3, and m4 subtypes correspond to pharmacologically
classified receptors M1, M2, M3, and M4, respectively (Watson
and Abbot, 1992). Which of these might be expressed in the
SCN is unknown. Our results suggest that carbachol activates
an M1 mAChR in the SCN to phase-shift circadian rhythms.
Although the mAChR subtypes have different sensitivity to the
agonists and antagonists, they cannot be differentiated exclu-
sively with these drugs. McN-A-343 is functionally potent in
stimulating the M1 receptor but has less activity at M2 and M3;
it shows little selectivity for these subtypes in the binding assay
(Birdsall et al., 1983; Freedman et al., 1988; Lambrecht et al.,
1993). In the present study, McN-A-343 mimicked the effect of
carbachol at CT 18 at low concentrations and was more potent
than carbachol and muscarine (see Fig. 4). Although it is
possible that the phase-response curves for these cholinergic
agonists are different so that their relative potencies could be
different at circadian times other than CT 18, the fact that the
maximum phase shifts induced by these agonists at CT 18 are
comparable does not support this possibility.

The M1l-selective antagonist pirenzepine (1 um) blocked the
phase-shifting effect of carbachol, whereas an M3 antagonist,
4-DAMP, partially blocked the effect at the same concentration.
Although both pirenzepine and 4-DAMP have high affinities for
the M1 subtype, with 4-DAMP slightly higher, pirenzepine has
>40-fold lower affinities than does 4-DAMP for M2, M3, and M4
subtypes (Doods et al., 1987; Waelbroeck et al., 1990). Our results
regarding potency rank order of the agonists and antagonists are
mostly consistent with the interpretation that the phase-shifting
effect of cholinergic agonists on the SCN activity rhythm is medi-
ated via an M1 mAChR. However, it should be noted that these
pharmacological data do not exclude the possibility of the involve-
ment of an m5-like subtype of mAChR or a mixture of mAChR
subtypes in regulating the SCN rhythm. Therefore, further studies
are needed to identify with certainty the subtype(s) coupled with
the ACh response when more selective agonists and antagonists
become available.

Phase-dependent sensitivity and relationship to light
pulses in vivo

Although the ACh agonist carbachol is the only agent that has
been reported to “mimic” the phase-shifting effects of light when
injected in vivo (Zatz and Brownstein, 1979; Zatz and Herken-
ham, 1981; Earnest and Turek, 1983, 1985; Wee et al., 1992), the
other evidence for the involvement of ACh in light-induced phase
shifts is weak. This has been referred to as “the carbachol para-
dox” by Colwell et al. (1993). Our results reveal that the SCN
clock is sensitive to carbachol only during the subjective night of
the circadian cycle. This timing of SCN sensitivity to carbachol is
mostly consistent with results from in vivo experiments. However,
the patterns of response in the two conditions differ. The response
to intracerebroventricular injection of carbachol in vivo can be
biphasic, with phase delays in wheel-running rhythms during early
night and phase advances during late night. We did not observe a
phase delay in vitro, which suggests that a phase delay induced by
carbachol in vivo is not attributable to the direct effect of carba-
chol on the SCN. It has been shown that cholinergic fibers in the
SCN region originate from cholinergic neurons in the cholinergic
basal nuclear complex and in the mesopontine tegmentum. It has
been speculated that these pathways provide feedback regulation
of circadian timing relative to the state of sleep and wakefulness
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(Bina et al., 1993). Therefore, dircct stimulation of thesc areas in
vivo would be predicted to cause phase shifts in behavioral circa-
dian rhythms with patterns of sensitivity like the SCN sensitivity to
carbachol.

Although cholincrgic stimulation of the SCN in vitro docs not
generate the biphasic phase shifts induced by light, glutamate, the
putative neurotransmitter in the RHT, does reproduce this effect.
Glutamate applied in a similar paradigm to carbachol in the
present study induced phase delays early and advances late in the
subjective night in vitro (Ding ct al., 1994). The pattern is very
similar to the light pulsc-induced changes in behavioral rhythm in
rats (Summers et al., 1984). Because the sensitive periods of the
SCN to phase-shifting by carbachol and glutamate are completely
overlapping, and the effect of carbachol in vivo was blocked by an
NMDA-receptor antagonist (Colwell et al., 1993), it is likely that
an interaction exists between the cholinergic and glutamatergic
systems within the SCN.

Such an interaction between ACh and glutamate may occur at
the level of intracellular and/or intercellular signaling pathways
involving nitric oxide (NO). NO donors mimic and NO synthase
inhibitors block the cffect of glutamate on SCN rhythms (Ding et
al., 1994). This suggests the involvement of soluble guanylyl cy-
clasc, which is activated by NO, and of the ¢cGMP/cGMP-
dcpendent protein kinase (PKG) system in glutamate-induced
phasc shifts. Interestingly, the phase-response curves for
8-bromo-cGMP, an analog of cGMP, and for carbachol overlap in
time of sensitivity and arc of the same amplitude (Prosser et al.,
1990; Liu and Gillette, 1994). Furthermore, a specific inhibitor of
PKG blocked the cffect of 8-brome-cGMP and the effect of
carbachol (Liu and Gillette, 1994). This evidence points to the
convergence of cholinergic and glutamatergic neurotransmissions
at thc ¢cGMP-PKG signaling pathway in rcgulating the SCN
response. However, glutamate must act via additional pathways:
glutamate induces both delays and advances in the SCN circadian
rhythm, whereas carbachol and ¢cGMP analogs induce only ad-
vances, and thesc advances are significantly larger in amplitude
than those of glutamate. Our results provide a basis for future
study of the interaction between glutamatergic and cholincrgic
systems at the SCN and may Iead to a resolution of the carbachol
paradox.
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