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FIGURE 1. Representative examples of carbachol-induced phase shifts of the circadian rhythm
in (A) DD and (B, C) LL. The times of the injections are marked by arrows and dots. (A, C)
A decrease in activity follows carbachol injections.
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FIGURE 2. Phase response curves for intraventricular carbachol injections in (A, B) DD and
in (C, D) LL. The open circles represent phase shifts induced by artificial CSF injections in
the lateral ventricle.

edly decreased (see Figs. lA and 1C). In such instances, it was difficult to assess
whether there were transients. At CT6, 9, and 14, no transients were observed in
about half of the trials (15 out of 29 cases that could be analyzed for transients). In
eight cases, one to three transients were observed at these pooled circadian times. In
the remaining seven trials, the phase shift at the first (and second) cycle appeared
greater than the eventual phase shift. Examples are presented in Figure 3.

TABLE 1. Carbachol-Induced and ACSF-Induced Phase Shifts

Note. The carbachol-induced and artificial CSF (ACSF)-induced phase shifts (A-0) with the standard
deviation (SD) and the standard error of the mean (SE~ are summarized for CT6, 9, 14, and 18. NI,
number of injections; NA, number of animals involved at that circadian time.
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FIGURE 3. Carbachol-induced phase advances (A-C) as well as phase delays (D-F) can be
accompanied by both advancing and delaying transients. (A, D) No transients are observed.
The starts of activity are marked by dots while the days of the injections are marked by
arrows.

DOSE-RESPONSE CURVE

At CT6, 81 carbachol injections were performed in the lateral ventricle of 37 animals
with a dose ranging from 1/64 x 0.01 M carbachol to 0.01 M carbachol. In Figure 4, the
carbachol-induced phase shifts of the circadian activity rhythm are shown for dif-
ferent doses of carbachol; the data points that were obtained to construct the PRC
are not included. Inspection of the data reveals a great variation in the carbachol-
induced phase shifts. The standard deviation (SD) for carbachol-induced phase shifts
following 0.01 M carbachol (SD, 0.39) appears smaller than the SD for 1/2, 1/a, and
1/s x 0.01 M carbachol (0.62 < SD < 0.72). This variation does not reflect differences
in the response to carbachol between animals; as a matter of fact, this variability
could also be observed within animals. The mean phase shifts could be fitted by a
Michaelis function with a Hill coefficient of 3.1. Thus, a threshold exists for low
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doses of carbachol, and for high dosages of carbachol saturation of the magnitude of
phase shift was reached.

An additional 14 injections were performed in 13 animals at CT14 with a dose
ranging from 1/a x 0.01 M carbachol to 1/64 x 0.01 M carbachol. The dose dependency
of these injections followed the dose response curve of CT6. For 1/a and 1/8 x 0.01 M
carbachol, mean phase delays (SEM) of - 0.9 hr (0.08) and - 0.7 hr (0.09) were
observed. For Y16 to 1/64 x 0.01 M carbachol, the absolute phase shift was always
smaller than 0.1 hr.

RESPONSE OF THE SPLIT ACTIVITY RHYTHM TO CARBACHOL

In 10 animals with a split rhythm, 10 carbachol injections were given 3 hr after the
onset of component E and 12 injections 3 hr after the onset of component M (Fig. 5).

FIGURE 4. (A) The dose-dependent effect of carbachol at CT6 is illustrated. (B) The mean
phase shift ± SEM is shown. This curve could also be fitted by a Michaelis function-Aq) =
xnl(xn + to&dquo;)-with a Hill coefficient of 3.1 and a half saturation value (to) of 0.08.
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FIGURE 5. Examples of carbachol-induced phase shifts of the circadian activity rhythm for
two hamsters housed in LL. The activity onset has been defined as CT12 for both components
separately. (A) The first injections at CT14 and at CT2 cause a phase delay and a phase
advance, respectively. Although the timing of the second injection is reversed, the response
of both components is similar. The third injection represents a control injection with artificial
CSF. (B) The response to two carbachol injections is illustrated for another animal: note the
lack of activity following an injection at CT14.
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FIGURE 6. (A) The immediate phase shift (±SEM) for component E at CT15 (n = 8) and CT3
(n = 10) and of component M at CT15 (n = 8) and CT3 (n = 6) are plotted. (B) The final shifts
(±SEAO of component E at CT15 (n = 10) and CT3 (n = 10) and of component M at CT15
(n = 11) and CT3 (n = 6) are shown.

Not all injections could be analyzed in split animals because the activity onsets were
not always clearly defined. Moreover, a decrease in activity was sometimes encoun-
tered fcllowing carbachol injections at CT15 but not at CT3. Injections 3 hr after the
activity onset of component E (thus at CT15 of E) induced immediate delays (0~ ±
SEM = - 1.6 hr ± 0.4 ; n = 8) in this component. Usually the phase relation between
the two component was about 12 circadian hours. Component M thus received this
injection 9 hr before its activity onset. In these instances, component M responded
with an immediate phase advance (A4) = 2.7 hr ± 1.1; n = 6). As such, the phase
relationship between the two components changed temporarily. During the first few
days following the injection, the components shifted back, via transients, in the
direction of their previous mutual phase relationship. As a consequence, the final
phase shifts of component E following an injection at CT15, and of component M at
CT3, appeared much smaller than the immediate shifts or disappeared completely
(Fig. 6). Injections 3 hr after the activity onset of component M (at CT15 of M) also
induced immediate delays in this component (A~) = - 1.7 hr ± 0.5 ; n = 8). In this
case, component E received the injection mostly at CT3, which induced an imme-
diate phase advance (0~ = 2.9 hr ± 0.7; n = 10).

DISCUSSION

A PRC for carbachol injections in the lateral ventricle was obtained for hamsters
kept in LL and DD. Phase advances were obtained following carbachol injections
during the subjective day, and phase delays were obtained following injections in the
early subjective night.

Transients were observed in about half of the delaying and advancing shifts. In
some instances, the phase shift on the first few days following an injection exceeded
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the steady-state phase shift. These kinds of transients are usually not observed
following light pulses although they have been seen in some rare cases (Aschoff,
1965).

In previous experiments, intraventricular carbachol injections have been shown
to produce similar shifts as light pulses in the mouse and in the hamster at CT14, 18,
and 21 (Zatz and Herkenham, 1981; Earnest and Turek, 1983, 1985). However,
carbachol injections at CT2, 4, and 6 induced phase advances, which are commonly
not observed following light presentations (Earnest and Turek, 1985). In our series
of experiments, phase delays were also encountered following injections at CT14,
but phase advances were produced by injections during the subjective day only and
not by injections during the late subjective night. Thus, the most important differ-
ence between the PRC obtained by Earnest and Turek and our PRC is our lack of
phase advances during the late subjective night. Small methodological differences
between our study and the prior study (such as the use of artificial CSF instead of
saline) are unlikely to account for this difference. It is not impossible, however, that
the discrepancy was due to a strain difference between their hamsters, obtained from
Lakeview Hamster Colony (Newfield, NJ), and our hamsters (TNO, Zeist, The
Netherlands). Since diurnal cycles in choline acetyltransferase activity can differ
markedly between two rat lines (Eiermann et al., 1986), such an explanation would
not be inconceivable.

Because of the similarity between carbachol-induced phase shifts at CT14 and
CT18 and light-induced phase shifts at these circadian times, Zatz and Herkenham
(1981) hypothesized that cholinergic receptors in the SCN mediate phase shifting by
light. This idea was further substantiated by the observation that intraventricular
carbachol injections decrease pineal enzyme activity, resembling the effect of light
on the pineal gland (Zatz and Brownstein, 1979). Carbachol also mimics the effects
of brief light pulses on gonadal function (Earnest and Turek, 1985). Several other
studies are in agreement with the hypothesis that carbachol mediates the light input
to the pacemaker. Intraventricular injection of mecamylamine, an anticholinergic
drug, blocks the phase-shifting effects of light in the hamster (Keefe et al., 1987).
Moreover, photically responsive neurons of the SCN exhibit a similar response to
intravenous nicotine as to light, and administration of mecamylamine can eliminate
or even reverse the response to light (Miller et al., 1987). Murakami et al. (1984)
found that the acetylcholine (ACH) concentration in the suprachiasmatic area in-
creases 30 and 60 min after the onset of light. When alpha-bungarotoxin, a putative
nicotinic cholinergic antagonist, is injected either in the lateral ventricle or near the
suprachiasmatic nucleus, the effects of light on the nocturnal elevation of serotonin
N-acetyltransferase activity in the rat pineal gland are blocked (Zatz and Brown-
stein, 1979, 1981; see, however, Miller and Billiar, 1986). Finally, phase delays of
pineal enzyme activity are induced by light presentations at CT14. These phase shifts
are mimicked by carbachol injections at CT14 (Zatz and Brownstein, 1979).

Although these above-mentioned studies pointed to a role for ACH in mediating
phase shifting by light, other studies do not. Depletion of the brain acetylcholine
store appears not to interfere with the phase-shifting effect of light (Pauly and Horse-
man, 1985). When the optic nerve of a hypothalamic slice preparation is stimulated,
a response can be recorded in the SCN. Perfusion of the bath with the cholinergic
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antagonists atropine, hexamethonium, and curare did not interfere with this response
(Shibata et al., 1986). Cahill and Menaker (1987) have shown that SCN responsive-
ness to optic nerve stimulation is not affected by ACH agents, but it is affected by
kynuretic acid, an antagonist of excitatory amino acid transmission. These data,
together with the observation that choline acetyltransferase is not present in the
optic nerve (Wenthold, 1981) or only in the ventral half of the chiasm (Rao et al.,
1987), make it unlikely that ACH functions as a primary transmitter of the RHT.

In our study, it was shown that phase advances were produced by carbachol
injections during the subjective day but not at the late subjective night. Because light
presentations at CT18 did induce phase advances in our hamsters, our data provide
no further evidence for acetylcholine to mediate phase shifting by light. Therefore,
the site of action of carbachol remains to be explained. Studies both in vivo and in
vitro have shown a subpopulation of ACH-responsive cells in the suprachiasmatic
nucleus. In some of these studies, the proportion of ACH-responsive neurons and
the sign of the response was found to be similar to the visual responsiveness of the
SCN (Miller et al., 1987). In others, the proportion of the ACH-responsive cells
differed markedly from the proportion of visual suprachiasmatic cells (Nishino and
Koizumi, 1977). Irrespective of their precise proportion, the existence of ACH-
responsive neurons in the SCN suggests that the site of action of intraventricularly
injected carbachol is in the SCN. This suggestion is furthermore strengthened by the
observation that intraventricular carbachol injections elicit the same response as
suprachiasmatic carbachol injections (Zatz and Brownstein, 1979). Thus, carbachol
is likely to act on suprachiasmatic pacemaker neurons. Whether carbachol acts
through a traditional cholinergic mechanism remains as yet a matter of debate in
view of contradictory results on the absence of choline acetyltransferase or ACH
receptors in the SCN (Brownstein et al., 1975; Clarke et al., 1985; Ichikawa and

Hirata, 1986; Meeker et al., 1986; Miller et al., 1987; Rao et al., 1987; Tago et al.,
1987).

The data presented in Figure 4 indicate that carbachol exerts a dose-dependent
effect on the circadian pacemaker. Moreover, the data obtained imply that the dos-
age of carbachol that was used to obtain a PRC was higher than the dose necessary
to saturate the phase-shifting effect of carbachol. For lower doses of carbachol,
however, the standard deviation increases. This phenomenon has also been de-
scribed by Anderson and Turek (1985); however, a reduction in the mean response
to carbachol was already observed at 0.005 M carbachol by these authors.

We do not know why the standard error increases for lower doses of carbachol.
For 0.01 M carbachol, the phase shifts were always greater than 0.7 hr. Dosages
smaller than 0.005 M carbachol sometimes induced no phase shift at all while the
mean phase shift was still considerable. Probably the amount of carbachol that
reaches the SCN following an injection may not be equal for each injection due to
diffusion of carbachol to other brain areas. A slight difference in the amount of
carbachol that reaches the SCN may have less consequences for the magnitude of
the phase shift when the dose is rather high. When the injected dose gets smaller,
differences in the amount of carbachol that reaches the SCN result in different

magnitudes of phase shift.
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Recently, the possibility has been put forward that different neurochemical
mechanisms are required to process light information to the pacemaker. This was
based on the observation that light-induced phase delays, but not phase advances,
are blocked by the y-aminobutyric acid (GABA) antagonist bicuculline (Ralph and
Menaker, 1985). On the other hand, phase advances are blocked by the benzodiaz-
epine, diazepam (Ralph and Menaker, 1986). The similarity between the dose-
dependent effects of carbachol at CT6 and at CT14 suggests that a similar neuro-
chemical mechanism may have mediated the carbachol-induced advances and de-

lays.
Phase shifts that were induced by carbachol injections in split animals revealed

that both components responded qualitatively similarly to carbachol at CT15 and
CT3. Both responded to carbachol with an immediate delay (at CT15) or advance (at
CT3) of the free-running activity rhythm. Quantification of the phase shifts was,
however, difficult for two reasons. Sometimes the immediate advance of one com-
ponent and/or the delay of the other was rather large. In those cases, it was difficult
to distinguish whether a particular bout of activity resulted from a delay of the
previous component or was derived from an advance of the subsequent component
(Fig. 5). The immediate phase shift was therefore measured at the following cycle,
but this leads to an underestimation of the real shift. Second, a decrease of activity
was sometimes observed following an injection (Fig. 5). Decreased wheel-running
activity may have increased the estimated phase delay.

As a consequence of the opposite immediate shifts, the phase relation between
the components changed. Up to 7 days after the immediate phase shift, the compo-
nents shifted, often in such a direction as to restore their previous mutual phase
relationship of about 12 circadian hours. This behavior of the split circadian activity
rhythm was also observed following the presentation of dark pulses (Boulos and
Rusak, 1982). Boulos and Rusak attributed the immediate phase shifts to the re-
sponse of the components to the dark pulse and the transients following the imme-
diate phase shift to coupling forces between the components. A similar interpretation
of our data would indicate that carbachol produces a predictable phase shift in either
of the two components. Coupling forces between the two oscillators result in a
restoration of the previous phase relationship.

Several authors have hypothesized that the two components of the split activity
rhythm reflect two underlying oscillators with different properties. The two oscilla-
tors of Pittendrigh and Daan’s model were thought to be differentially sensitive to
light. Since carbachol may not act along the photic input to the pacemaker in the
SCN, we do not regard our experiments as a critical test for this particular hypoth-
esis. The two components may be different with respect to their sensitivity to certain
transmitters. For instance, Daan et al. (1975) suggested that testosterone may se-
lectively affect one component of the multioscillatory system. So far, differences
between the two components have not been determined. Split components can be
phase advanced as well as phase delayed by dark pulses, and no distinction between
the two split components was observed in terms of their responsiveness to light
(Boulos and Rusak, 1982; Lees et al., 1983; Boulos and Morin, 1985). The onset of
lordosis can be associated with either one of the two components or with both
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(Swann and Turek, 1982). We found that both components responded similarly to
carbachol injections at CT3 and CT15. Therefore, these data are further evidence for
identical responsiveness of the two oscillators to a perturbing stimulus.

ACKNOWLEDGMENT 

z

We thank Dr. S. Daan for critically reading the manuscript and S. Ploeger for his technical assistance. We
are also grateful to M. de Rooy for typing the manuscript.

REFERENCES

ALBERS, H. E., and C. F. FERRIS (1984) Neuro-
peptide Y: Role in light-dark cycle entrainment
of hamster circadian rhythms. Neurosci. Lett.
50: 163-168.

ANDERSON, K. D., and F. W. TUREK (1985) Phase-
shifting effect of carbachol on the circadian ac-
tivity rhythm in the golden hamster: Dose-
response relationships. Soc. Neurosci. Abst. 11:
1140.

ASCHOFF, J. (1965) Response curves in circadian
periodicity. In Circadian Clocks, J. Aschoff ed.,
pp. 95-111, North Holland Publishing Company,
Amsterdam.

BOULOS, Z., and B. RUSAK (1982) Phase-response
curves and the dual-oscillator model of circadian

pacemakers. In Vertebrate Circadian Systems,
J. Aschoff, S. Daan, and G. A. Groos, eds.,
pp. 215-223, Springer-Verlag, Berlin, Heidel-
berg, New York.

BOULOS, B., and P. L. MORIN (1985) Entrainment
of split circadian activity rhythms in hamsters. J.
Biol. Rhythms 1: 1-15.

BROWNSTEIN, M. J., R. KOBAYASHI, M. PALKO-
VITS, and J. M. SAAVEDRA (1975) Choline
acetyltransferase levels in diencephalic nuclei of
the rat. J. Neurochem. 24: 35-38.

CAHILL, G. M., and M. MENAKER (1987)
Kynuretic acid blocks suprachiasmatic nucleus
responses to optic nerve stimulation. Brain Res.
410: 125-129.

CLARKE, P. B. S., R. D. SCHWARTZ, S. M. PAUL,
C. B. PERT, and A. PERT (1985) Nicotinic bind-
ing in rat brain: autoradiographic comparison of
[3H]acetylcholine, [3H]nicotine, and [125I]-&alpha;-
bungarotoxin. J. Neurosci. 5: 1307-1315.

DAAN, S., D. DAMASSA, C. S. PITTENDRIGH, and
E. SMITH (1975) An effect of castration and tes-
tosterone replacement on a circadian pacemaker
in mice (Mus musculus). Proc. Natl. Acad. Sci.
USA 72: 3744-3747.

EARNEST, D. J., and F. W. TUREK (1983) Role for
acetylcholine in mediating effects of light on re-
production. Science 219: 77-79.

EARNEST, D. J., and F. W. TUREK (1985) Neuro-
chemical basis for the photic control of circadian
rhythms and seasonal reproductive cycles: Role
for acetylcholine. Proc. Natl. Acad. Sci. USA
82: 4277-4281.

EIERMANN, S. J., H. P. HAHN, and C. G. HONEG-
GER (1986) Diurnal rhythms in neurotransmitter
receptor binding and choline acetyltransferase
activity: Different patterns in two rat lines of
Wistar origin. Brain Res. 370: 54-60.

HARRINGTON, M. E., D. M. NANCE, and B. RU-
SAK (1985) Neuropeptide Y immunoreactivity in
the hamster geniculo-suprachiasmatic tract.

Brain Res. Bull. 15: 465-472.

HENDRICKSON, A. E., N. WAGONER, and W. M.
COWAN (1972) An autoradiographic and electron
microscopic study of retino-hypothalmic con-
nections. Z. Zellforsch. 135: 1-26.

HICKEY, T. L., and P. D. SPEAR (1976) Retino-
geniculate projections in hooded and albino rats:
An autoradiographic study. Exp. Brain Res. 24:
523-529.

ICHIKAWA, T., and Y. HIRATA (1986) Organization
of choline acetyltransferase-containing structure
in the forebrain of the rat. J. Neurosci. 6: 281-
292.

KEEFE, D. L., D. J. EARNEST, D. NELSON, J. S.
TAKAHASHI, and F. W. TUREK (1987) A cholin-
ergic antagonist, mecamylamine, blocks the
phase-shifting effects of light on the circadian
rhythm of locomotor activity in the golden ham-
ster. Brain Res. 403: 308-312.

LEES, J. G., J. D. HALLONQUIST, and N. MROS-
ovsKY (1983) Differential effects of dark pulses
on the two components of split circadian activity
rhythms in golden hamsters. J. Comp. Physiol.
153: 123-132.

LIOU, S. Y., S. SHIBATA, K. IWASAKI, and S.
UEKI (1986) Optic nerve stimulation-induced in-
crease of release of 3H-glutamate and 3H-
aspartate but not 3H-GABA from the suprachi-
asmatic nucleus in slices or rat hypothalamus.
Brain Res. Bull. 16: 527-531.

 at Universiteit Leiden \ LUMC on June 26, 2016jbr.sagepub.comDownloaded from 

http://jbr.sagepub.com/


347

MEEKER, R. B., K. M. MICHELS, M. T. LIBBER,
and J. N. HAYWARD (1986) Characteristics and
distribution of high- and low-affinity alpha bun-
garotoxin binding sites in the rat hypothalamus.
J. Neurosci. 6: 1866-1875.

MEIJER, J. H., B. RUSAK, and M. E. HARRINGTON
(1984) Geniculate stimulation phase shifts ham-
ster circadian rhythms. Soc. Neurosci Abst. 10:
502.

MEIJER, J. H., E. VAN DER ZEE, and M. DIETZ
(1988) Glutamate phase shifts circadian activity
rhythms in hamsters. Neurosci. Lett. 86: 177-

183.

MILLER, M. M., and R. B. BILLIAR (1986) Rela-
tionship of putative nicotinic cholinergic recep-
tors in the suprachiasmatic nucleus to levels of
pineal serotonin N-acetyltransferase activity in
the normally cycling female, the male and the
ovariectomized rat. J. Pineal Res. 3: 159-168.

MILLER, J. D., D. M. MURAKAMI, and C. A.
FULLER (1987) The response of suprachiasmatic
neurons of the rat hypothalamus to photic and
nicotinic stimuli. J. Neurosci. 7: 978-986.

MOORE, R. Y. (1973) Retinohypothalmic projec-
tion in mammals: A comparative study. Brain
Res. 49: 403-409.

MURAKAMI, N., K. TAKAHASHI, and K. KAWASH-
IWA (1984) Effect of light on the acetylcholine
concentrations of the suprachiasmatic nucleus in
the rat. Brain Res. 311: 358-360.

NISHINO, H., and K. KOIZUMI (1977) Responses of
neurons in the suprachiasmatic nuclei of the hy-
pothalamus to putative transmitters. Brain Res.
120: 167-172.

PAULY, J. R., and N. D. HORSEMAN (1985) Anti-
cholinergic agents do not block light-induced cir-
cadian phase shifts. Brain Res. 348: 163-167.

PICKARD, G. E. (1982) The afferent connections of
the suprachiasmatic nucleus of the golden ham-
ster with emphasis on the retino-hypothalamic
projection. J. Comp. Neurol. 211: 65-83.

PICKARD, G. E., R. KAHN, and R. SILVER (1984)
Splitting of the circadian rhythm of body temper-
ature in the golden hamster. Physiol. Behav. 32:
763-766.

PITTENDRIGH, C. S. (1960) Circadian rhythms and
the circadian organization of living systems.
Cold Spring Harbor Symp. Quant. Biol. 25: 155-
184.

PITTENDRIGH, C. S. (1974) Circadian oscillation in
cells and the circadian organization of multicel-
lular systems. In The Neurosciences: Third Study
Program, F. O. Schmitt and F. G. Worden,
eds., pp. 437-58, MIT Press, Cambridge.

PITTENDRIGH, C. S. (1981) Circadian organization
and the photoperiodic phenomena. In Biological
Clocks in Reproductive Cycles, B. K. Follett and
D. E. Follett, eds., John Wright, Bristol.

PITTENDRIGH, C. S., and S. DAAN (1976a) A func-
tional analysis of circadian pacemakers in noc-
turnal rodents: I. The stability and lability of
spontaneous frequency. J. Comp. Physiol. 106:
223-252.

PITTENDRIGH, C. S., and S. DAAN (1976b) A func-
tional analysis of circadian pacemakers in noc-
turnal rodents. V. Pacemaker structure: A clock
for all seasons. J. Comp. Physiol. 106: 333-355.

RALPH, M. R., and M. MENAKER (1985) Bicucul-
line blocks circadian phase delays but not ad-
vances. Brain Res. 325: 362-365.

RALPH, M. R., and M. MENAKER (1986) Effects of
diazepam on circadian phase advances and de-
lays. Brain Res. 372: 405-408.

RAO, Z. R., M. YAMANO, A. WANAKA, T. TATE-
HATA, S. SHIOSAKA, and M. TOHYAMA (1987)
Distribution of cholinergic neurons and fibers in
the hypothalamus of the rat using choline acetyl-
transferase as a marker. Neuroscience 20: 923-
934.

RIBAK, C. E., A. PETERS (1975) Involvement of the
primary optic tracts in mediation of light effects
on hamster circadian rhythms. J. Comp. Physiol.
18: 165-172.

RUSAK, B., and I. ZUCKER (1979) Neural regulation
of circadian rhythms. Physiol. Rev. 59: 449-526.

SEGAL, M., Y. DUDAI, and A. AMSTERDAM (1978)
Distribution of an &alpha;-bungarotoxin-binding
cholinergic nicotinic receptor in rat brain. Brain
Res. 148: 105-119.

SHIBATA, S., S. Y. LIOU, and S. UEKI (1986) In-
fluence of excitatory amino acid receptor antag-
onists and of baclofen on synaptic transmission
in the optic nerve to the suprachiasmatic nucleus
in slices of rat hypothalamus. Neuropharmacol-
ogy 28: 403-409.

SHIBUYA, C. A., R. B. MELNYK, and N. MROS-
ovsKY (1980) Simultaneoous splitting of drinking
and locomotor activity rhythms in a golden ham-
ster. Naturwissenschaften 67: 45-47.

SWANN, J., and F. W. TUREK (1982) Cycle of lor-
dosis behavior in female hamsters whose circa-
dian activity rhythm has split into two compo-
nents. Am. J. Physiol. 423: R112-R118.

SWANSON, L. W., W. M. COWAN, and E. G.
JONES (1974) An autoradiographic study of the
efferent connections of the ventral lateral genic-
ulate nucleus in the albino rat and cat. J. Comp.
Physiol. 156: 143-164.

TAGO, H., P. L. McGEER, G. BRUCE, and L. B.
HERSH (1987) Distribution of choline acetyltrans-
ferase-containing neurons of the hypothalamus.
Brain Res. 415: 49-62.

UNDERWOOD, H., and G. A. GROOS (1982) Verte-
brate circadian rhythms: Retinal and extraretinal
photoreceptors. Experientia 38: 1013-1021.

WENTHOLD, R. J. (1981) Glutamate and aspartate

 at Universiteit Leiden \ LUMC on June 26, 2016jbr.sagepub.comDownloaded from 

http://jbr.sagepub.com/


348

as neurotransmitters for the auditory nerve. In
Glutamate as a Neurotransmitter, G. DiChiara
and G. L. Gessa, eds., pp. 69-78, Raven Press,
New York.

ZATZ, M., and M. J. BROWNSTEIN (1979) Intraven-
tricular carbachol mimics the effects of light on
the circadian rhythm in the rat pineal gland. Sci-
ence 203: 358-360.

ZATZ, M., and M. J. BROWNSTEIN (1981) Injection
of alpha-bungarotoxin near the suprachiasmatic
nucleus blocks the effects of light on nocturnal
pineal enzyme activity. Brain Res. 213: 438-442.

ZATZ, M., and M. A. HERKENHAM (1981) Intra-
ventricular carbachol mimics the phase shifting
effects of light on the circadian rhythm of wheel-
running activity. Brain Res. 212: 234-238.

 at Universiteit Leiden \ LUMC on June 26, 2016jbr.sagepub.comDownloaded from 

http://jbr.sagepub.com/

