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Abstract In the present study, we examined the effect of administration of anesthetics on light-
induced phase shifts of the circadian system. This information is of critical importance, because many
studies of light input to the mammalian suprachiasmatic nucleus (SCN) have been performed on
anesthetized animals. We found that light-induced phase shifts were blocked by all drugs used at
anesthetic doses. We then determined the effect of two of these agents on light induction of Fos-like
immunoreactivity in the SCN. We found that the administration of sodium pentobarbital prevented
light induction of Fos expression in the SCN, whereas the administration of urethane did not. These
results raise cautions about the use of anesthetized animals to answer questions about the photic
regulation of neuronal activity in the SCN.
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The suprachiasmatic nucleus (SCN) of the hypothalamus is the site of circadian oscillators
that act as pacemakers in the mammalian circadian system. In order to function adaptively,
the SCN oscillators must be synchronized to the external environment. Light, acting through
daily phase advances and delays of the oscillation, is the primary environmental signal
utilized for this synchronization. Photic information received by the retina is transferred
directly to the SCN via the retinohypothalamic tract (RHT), and less directly via a pathway
that includes the intergeniculate leafleft of the lateral geniculate nucleus (Moore, 1973; Card
and Moore, 1982; Pickard, 1982). Cells in the SCN have been shown to respond electrically
to photic stimulation of the retina (Groos and Mason, 1978, 1980; Sawaki, 1979; Inouye,
1984; Meijer et al., 1986, 1989; Miller et al., 1987). Most of these studies have involved
electrophysiological recordings from animals anesthetized with one of a number of differ-
ent agents.

Although general anesthetics appear to share no common chemical structure, most
tend to reduce excitatory postsynaptic potentials while increasing or maintaining inhibitory
responses™(e.g., Gage and Hamill, 1981; Franks and Lieb, 1982). A major problem, there-
fore, with any physiological investigation using anesthetized preparations is to control for
the potentially confounding effects of the anesthetic itself; this may be particularly true for
light input to the circadian system. The dissociative anesthetics ketamine and phencyclidine
have been shown to prevent light-induced phase shifts of the hamster circadian system,
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presumably through their actions as antagonists of N-methyl-p-aspartate (NMDA) receptors
(Colwell et al., 1990). In addition, the anesthetic sodium pentobarbital has been shown to
affect N-acetyltransferase activity in the pineal (Zatz and Brownstein, 1979), which is
regulated by both light and the circadian system, and to cause phase shifts of the circadian
thythm of wheel-running activity in mice (Ebihara et al., 1988). Given the pronounced
impact of anesthesia on circadian rhythmicity, it is important to examine more closely the
effects of these agents on light input to the mammalian circadian system.

In the present study, we investigated the effect of several anesthetics on light-induced
phase shifts of the circadian rhythm of locomotor activity in the golden hamster. In addition,
since recent work suggests that Fos induction may be a useful cellular marker of photic
input to the SCN, we examined the effect of two commonly used anesthetics on light
induction of Fos-like immunoreactivity (Fos-LI) in the hamster SCN. The results have
bearing on the interpretation of physiological studies of the SCN in which animals are
anesthetized, as well as the relationship of Fos induction to phase shifting.

MATERIALS AND METHODS

Male golden hamsters (Mesocricetus auratus, LVG-outbred), obtained from Charles River,
Lakeview (Newfield, NJ) at 10 weeks of age, were housed individually, and their wheel-
running activity was recorded. The animals were exposed to a light—dark cycle (LD 14:10)
for 2 weeks, at which time they were placed in constant darkness (DD).

Hamsters remained in DD and were subjected to one of four treatments: (1) injection
of vehicle alone; (2) injection of anesthetic; (3) injection of anesthetic plus light; or (4) in-
jection of vehicle plus light. The treatments were delivered either 1.5 hr after the onset of
activity at circadian time (CT) 13.5, when light would normally induce a phase delay, or
6.0 hr after the onset of activity at CT 18, when light would normally cause a phase
advance (onset of activity is defined as CT 12 for nocturnal animals). Animals used for
immunocytochemistry were killed 60 min after treatment. Otherwise, following each treat-
ment the animals were allowed to run undisturbed in DD for at least 10 days, to enable us
to determine the effects of treatment on the phase of the free-running rhythm.

The light stimulus used to induce phase shifts and Fos-LI was a 15-min pulse of
monochromatic light (515 nm) at an intensity of 1.0 X 10! pW/cm?. The stimulus parame-
ters (duration, irradiance, and wavelength) were chosen to produce submaximal phase shifts
(Takahashi et al., 1984). The irradiance was approximately doubled for the “bright-light”
treatments, in order to produce saturating phase shifts. Stimulus intensity (irradiance) was
measured before each trial with a radiometer (United Detector Technologies, Hawthome,
CA). Following the light pulse, the hamsters were returned to DD. All handling and treatment
of animals were carried out in complete darkness with the aid of an infrared viewer (FTW
Industries, Elgin, IL).

With the exception of halothane, all anesthetics were administered by intraperitoneal
injection at least 15 min prior to the light treatment, to ensure adequate anesthesia. Halothane
was administered by inhalation 3 min prior to the light treatment and was maintained
throughout the pulse. The following drugs and doses were used: althesin (a steroid anesthetic),

0.05 ml/kg; chloral hydrate, 500 mg/kg; a-chloralose, 80 mg/kg; sodium pentobarbital, 40

180




ANESTHETIC EFFECTS ON PHASE SHIFTS, FOS EXPRESSION

mg/kg; urethane (subanesthetic), 1250 mg/kg; urethane (anesthetic), 2000 mg/kg. In addi-
tion, two drug combinations were tested: a-chloralose, 40 mg/kg plus urethane, 1000 mg/kg;
chloral hydrate, 200 mg/kg plus sodium pentobarbital, 20 mg/kg. Animals were considered
adequately anesthetized when a toe pinch failed to elicit a behavioral response. For each
anesthetic, with the exception of urethane and halothane, the doses used produced anesthesia
for 30—60 min in test animals. At anesthetic doses, urethane produced anesthesia for many
hours, and some animals never recovered clear wheel-running rhythms and had to be excluded
from the analysis (6 of 14 animals). Because of the potential effects of anesthetics on
sympathetic control of pupillary dilation, an experiment was conducted in which both experi-
mental and control groups were treated with atropine delivered topically to each eye, so that
pupils would remain dilated during the light treatment. All drugs were purchased from Sigma
Chemicals (St. Louis, MO), with the exception of althesin, which was provided by Glaxo
(Research Triangle Park, NC).

Phase shifts in the activity rhythm were determined by measuring the phase difference
between eye-fitted lines connecting the onset of activity for a period of 7 days before and
10 days after an experimentdl manipulation. In order to estimate the steady-state phase shifts
produced, 4 days of data after treatments that caused phase advances were excluded from
the analysis. In other respects, the method for calculating phase shifts was the same as has
been reported elsewhere (Takahashi et al., 1984). ’

For perfusion, animals were removed from their light-tight boxes and anesthetized with
a lethal dose of halothane by inhalation in the dark. Then, under dim red light, the hamsters
were perfused and standard immunohistochemical procedures were followed. The antisera
used in this study was an anti-Fos (4-17) rabbit polyclonal antiserum (Oncogene Science,
Uniondale, NY; dilution 1:250). The sites of the antibody—antigen binding were visualized
with an avidin—biotin—peroxidase procedure (Elite ABC kit, Vector Labs, Burlingame,
CA). Methods of anlaysis of immunostaining have been previously described (Colwell and
Foster, 1992).

The phase-shifting effects of a treatment were considered to be significant when the
95% confidence interval of the group mean did not overlap zero. Differences between
treatment groups were evaluated using a Kruskal-Wallis one-way analysis of variance,
followed by a Mann—Whitney U test where appropriate. Values were considered significantly
different if p < 0.05. In the text, values are shown as means + SEM; phase advances are
shown as positive values, while phase delays are shown as negative values.

RESULTS

The intraperitoneal administration of the anesthetic sodium pentobarbital (40 mg/kg) signifi-
cantly inhibited both light-induced phase advances and delays of the circadian rhythm of
wheel-running activity (Fig. 1). Control injections of sodium pentobarbital or vehicle alone,
administered in the absence of a light treatment during the subjective night, had no significant
effect on the phase of the free-running rhythm. Examples of locomotor activity records from
experimental and control animals treated with sodium pentobarbital and light are shown in
Figures 2A—2C. Phase shifts produced by bright-light treatments at CT 18 were also signifi-
cantly reduced by sodium pentobarbital anesthesia (15 = 7 min vs. 126 * 6 min for vehicle
controls; n = 6 per group; p < 0.001). These results were not altered by the concomitant
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administration of the pupillary dilator atropine to the eyes of the treated hamsters (24 = 10
min vs. 102 = 9 min in atropine/vehicle controls; n = 4 per group; p < 0.01).

The intraperitoneal administration of the anesthetic urethane (2000 mg/kg) also signifi-
cantly inhibited light-induced phase advances of the circadian rhythm of wheel-running
activity (15.9 = 6.3 min; n = 8). Control injections of urethane alone, administered in the
absence of a light treatment, had no significant effect on the phase of the free-running rhythm
(—7.5 £ 4.0 min; n = 6). A locomotor activity record from an experimental animal
treated with urethane and light is shown in Figure 2D. Light-induced phase shifts were not
significantly inhibited by a lower dose (1250 mg/kg) of urethane. However, these animals
were not fully anesthetized and still responded to a toe pinch.

The administration of a number of other anesthetics also inhibited light-induced phase
advances (Table 1). With one exception, none of these anesthetics were found to cause
significant phase shifts by themselves (the group treated with a-chloralose plus urethane at
CT 18 showed a significant phase delay). The effects of some anesthetics may have been
additive. For example, neither urethane at 1250 mg/kg nor a-chloralose at 40 mg/kg prevent
light-induced phase advances when given separately. However, when administered together,
they significantly inhibited light-induced phase advances (Table 1). A similar result was
obtained using sodium pentobarbital with chloral hydrate (Table 1).

The effect of the anesthetics urethane and sodium pentobarbital on light induction of
Fos-LI in the SCN was also examined. The administration of sodium pentobarbital, at a
dose (40 mg/kg) that prevented light-induced phase shifts, also inhibited light induction of
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Fos-LI in the SCN. In contrast, photic induction of Fos-LI in animals anesthetized with
urethane (2000 mg/kg) was unimpaired. There were no obvious differences in either the
amount or distribution of Fos-LI in the SCN of animals treated with urethane plus light,
compared with those treated with vehicle plus light. Neither drug by itself caused a significant
induction of Fos expression in the SCN. Data are shown in Figures 3 and 4.
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FiGURE 2. Locomotor activity records from experimental and control animals maintained in DD. Each
horizontal line represents the activity record for a 24-hr day, and successive days are plotted from top
to bottom. Stars represent the times of light and/or drug treatments. (A) Activity records illustrating
the phase advance in a hamster that received a vehicle injection followed by a 15-min exposure to
light at CT 18. (B) Lack of effect of an injection of sodium pentobarbital (40 mg/kg) at CT 17.5 on
the phase of the circadian rhythm in locomotor activity. (C) Blockade of light-induced phase advances
by an injection of sodium pentobarbital (40 mg/kg) 30 min prior to the light treatment at CT 18.
(D) Blockade of light-induced phase advances by an injection of urethane (2000 mg/kg) 30 min prior
to the light treatment at CT 18.
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TaBLE 1. The Effects of Various Anesthetics on Light-Induced Phase Advances of the
Circadian Rhythm of Locomotor Activity in the Hamster

Phase shift
Treatment (min * SEM)
Vehicle + light 69 + 16
Althesin (0.05 ml/kg) + light 5 & 2%
o-Chloralose (80 mg/kg) + light NEX
Chloral hydrate (500 mg/kg) + light 6% 7%
Halothane + light 11 =, 7*
Sodium pentobarbital (40 mg/kg) + light 10 + 9%
Urethane (2000 mg/kg) + light 16 + 6*
a-Chloralose (40 mg/kg) and urethane (1000 mg/kg) + light 19 + 16*
Chloral hydrate (200 mg/kg) and sodium pentobarbital (20 mg/kg) + light -5 % 9%

Note. Light pulses were delivered 6 hr after the onset of activity (i.e., CT 18), when light would normally induce
a phase advance. Positive values represent phase advances; negative values represent phase delays. There were
six to eight animals per treatment group.

* Significantly different (p < 0.05) from vehicle + light controls.

DISCUSSION

The results presented here indicate that anesthetics can severely disrupt light input to the
mammalian circadian system. The administration of sodium pentobarbital was found to
prevent light-induced phase advances and delays of the circadian rhythm of wheel-running
activity. By itself, sodium pentobarbital did not cause phase shifts at the times tested. A
number of different anesthetics were investigated, and all showed the property of preventing
light-induced phase advances (possible effects on light-induced phase delays were not investi-
gated for some anesthetics). In addition, sodium pentobarbital, but not urethane, was found
to inhibit photic induction of Fos expression in the SCN.

These results suggest that anesthetics interfere with the normal transmission of photic
information to the circadian system. Possible anesthetic-sensitive sites include the retina,
the retinal projections to the SCN, and the SCN itself. Since phase shifts were inhibited
even when saturating light treatments and atropine were used during stimulation, it seems
unlikely that the effect can be attributed to a reduced amount of light reaching the retina.
The observations that photic stimulation of the retina can evoke electrical responses in the
SCN of anesthetized animals, and that urethane anesthetized animals still display light-
induced Fos-LI in their SCN, suggest that at least under urethane anesthesia, photic informa-
tion can reach SCN neurons. Whether this is a normal amount of transmission to all normally
innervated cell types is unclear. It may be that anesthetics have the general property of
depressing the electrical excitability of SCN neurons. Interestingly, Rusak and Groos (1982)
found that phase shifts of the feeding rhythm in rats could still be elicited under anesthesia
with direct electrical stimulation of the SCN. Unfortunately, it is not known whether the
anesthetic used in this study (a mixture of fluanisone and fentanyl) would prevent light-
induced phase shifts. However, these results do raise the possibility that anesthesia does not
render the circadian oscillator incapable of phase shifting, but instead raises the level of
excitation required to produce this behavioral response.

184




ANESTHETIC EFFECTS ON PHASE SHIFTS, FOS EXPRESSION

FiGure 3. Sodium pentobarbital but not urethane inhibits photic induction of Fos-LI in the hamster
SCN. Photomicrographs of coronal sections through the SCN region of hamsters stained for Fos-LI.
Hamsters in DD were treated with either vehicle plus light (A, B), sodium pentobarbital plus light
(C, D), or urethane plus light (E, F). Animals were killed 60 min after exposure to light at CT 18,
Magnification: x 100 for A, C, E and x 400 for B, D, F. Reduced 27% for reproduction.

Data from the present study show that anesthetics prevent light-induced phase shifts.
This finding suggests caution in the interpretation of results from electrophysiological studies
of chronically anesthetized preparations. The obvious problem inherent in studies using
anesthetized preparations is to determine whether spontaneous and/or evoked electrical activ-
ity is representative of what occurs normally. Anesthesia may result in a general depression
of SCN electrical activity, or may reduce activity in only a subpopulation of cells. Because
anesthetics prevent light-induced phase shifts, those SCN cells that respond electrically to
light in anesthetized animals may not be involved in transferring light information to the
circadian oscillator. These cells may not represent the total population of retinally driven
SCN cells, and their responses may be abnormal.
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Previous studies suggest that Fos induction may be a useful cellular marker of photic
input to the SCN of the hamster (e.g., Kornhauser et al., 1990; Rusak et al., 1990). If this
is the case, then agents that prevent light induction of Fos may be acting to prevent photic
information from reaching the SCN. We found that the administration of sodium pentobarbital
(but not urethane) inhibited photic induction of Fos-LI in the hamster SCN. Since sodium
pentobarbital also prevents light-induced phase shifts, these results are consistent with the
idea that this anesthetic acts to inhibit the transmission of photic information before it reaches
the circadian oscillator within the SCN. The fact that an anesthetic dose of urethane does
not prevent induction of Fos suggests that it is not the general state of anesthesia per se that
interferes with Fos induction. These results also indicate that urethane may be the anesthetic
of choice for physiological studies of the SCN in chronically anesthetized preparations.

It is now possible to compare aspects of the pharmacological regulation of light-induced
phase shifts with those of Fos induction in the SCN. Some interesting parallels have been
found: For example, NMDA receptor antagonists (€.g., Abe et al., 1991), the y-aminobutyric
acidg (GABAy) receptor antagonist baclofen (C. S. Colwell and C. M. Kaufman, unpublished
data), and sodium pentobarbital (present study) have all been found to inhibit both light-
induced phase shifts and Fos induction in the SCN. However, our present results demonstrate
that the anesthetic urethane can prevent light-induced phase shifts without any obvious effect
on Fos induction. In addition, recent studies have demonstrated that it is possible to cause
phase shifts of the circadian system without concomitant Fos induction (e.g., Mead et al.,
1992; Colwell et al., 1993). Thus, it is clearly possible to dissociate Fos induction and phase
shifting pharmacologically; Fos expression in the SCN is not sufficient for phase shifting.
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These studies do not address the question of whether Fos expression is necessary for light-
induced phase shifts.

Anesthetics are a structurally heterogeneous group of compounds, and although they
have some common behavioral effects, they are likely to prevent light-induced phase shifts
through a variety of cellular mechanisms. For example, the dissociative anesthetic ketamine
acts to block the ion channel regulated by the NMDA receptor (e.g., Anis et al., 1983;
Kemp et al., 1987), whereas sodium pentobarbital acts to enhance the chloride conductance
regulated by the GABA, receptor (e.g., Barker and Ransom, 1978; Mathers and Barker,
1980; Nicoll and Wojtowicz, 1980; Schultz and MacDonald, 1981; Olsen, 1982). Both
NMDA and GABA receptors appear to play a role in mediating light input to the circadian
system (Ralph and Menaker, 1985, 1986, 1989; Colwell et al., 1990, 1991; Colwell and
Menaker, 1992). The mechanism(s) underlying urethane’s actions in the central nervous
system are less clear (e.g., Pichon, 1979; Miller et al., 1986; McGivern and Scholfield,
1990). The possibility that urethane or any other agent tested blocks phase shifts through
some nonspecific action cannot be eliminated, especially because urethane is toxic at the
high dose used. Nevertheless, the results of the present study suggest that specific anesthetics
with known mechanisms of action may be useful as tools for examining the pharmacology
of the circadian system. In addition, the observation that anesthetics prevent light-induced
phase shifts raises cautions about the use of anesthetized animals to answer questions about
the photic regulation of circadian oscillators.

ACKNOWLEDGMENTS

We would like to thank Dr. N. Wayne for comments on an early draft of this paper. This work was supported by
NIH Grant No. HD13162 to Michael Menaker. Claire M. Kaufman and Christopher S. Colwell were supported
by the NSF Center for Biological Timing. Christopher S. Colwell was also supported by a FESN Fellowship in
“Circadian Rhythms.”

REFERENCES

ABE, H., B. Rusak, and H. A. RoBerTsoN (1991) Pho-- CoLweLL, C. S., R. G. Foster, and M. MENAKER

tic induction of Fos protein in the suprachiasmatic
nucleus is inhitibed by the NMDA receptor antagonist
MK-801. Neurosci. Lett. 127: 9-12.

Anis, N. A., S. C. Berry, N. R. BurmoNn, and D.
Lobae (1983) The dissociative anesthetics, ketamine
and phenylcyclidine, selectively reduce excitation of
central mammalian neurons by N-methyl-aspartate.
Br. J. Pharmacol. 79: 565-575.

BARKER, J. L., and B. R. RansoMm (1978) Pentobarbi-
tone pharmacology of mammalian central neurones
grown in fissue culture. J. Physiol. 280: 355-372.

Carp, J. P., and R. Y. Moore (1982) Ventral lateral

geniculate nucleus efferents to the rat suprachiasmatic
nuclei exhibit avian pancreatic polypeptide-like im-
munoreactivity. J. Comp. Neurol. 206: 390—396.

CoLwELL, C. S., and R. G. FosTer (1992) Photic regu-
lation of Fos-like immunoreactivity in the suprachias-
matic region of the mouse. J. Comp. Neurol. 324:
135-142.

(1991) NMDA receptor antagonists block the effects
of light on circadian behavior in the mouse. Brain
Res. 554: 105-110.

CoLweLL, C. S., C. M. KaummaN, and M. MENAKER
(1993) Phase shifting mechanisms in the mammalian
circadian system: New light on the carbachol para-
dox. J. Neurosci. 13: 1454—1459.

CoLweLL, C. S., and M. MENAKER (1992) Non-NMDA
as well as NMDA receptor antagonists prevent light-
induced phase shifts of the circadian system of the
hamster. J. Biol. Rhythms 7: 125-136.

CoLweLL, C. S., M. R. RavLrH, and M. MENAKER (1990)
Do NMDA receptors mediate the effects of light on
circadian behavior? Brain Res. 523: 117-120.

EBMARA, S., M. Goto, and I. OsHiMA (1988) the phase-
shifting effects of pentobarbital on the circadian
thythm of locomotor activity in the mouse: Strain
differences. Brain Res. 454: 404-407.

FraNnks, N. P., and W. R. LieB (1982) Molecular mech-

187




COLWELL ET AL.

anisms of general anesthesia. Nature 300: 487-493.

GAGE, P. W., and O. P. HamiLL (1981) Effects of anes-
thetics on ion channels in synapses. In International
Review of Physiology, Vol. 25, Neurophysiology IV,
R. Porter, ed., pp. 1-45, University Park Press,
Baltimore.

Groos, G. A., and R. MasoN (1978) Maintained dis-
charge of rat suprachiasmatic neurons at different
adaptation levels. Neurosci. Lett. 8: 59-64.

Groos, G. A., and R. Mason (1980) The visual proper-
ties of rat and cat suprachiasmatic neurons. J. Comp.
Physiol. 135: 349-356.

INouUYE, S. T. (1984) Light responsiveness of the supra-
chiasmatic nucleus within the island with the retino-
hypothalamic tract spared. Brain Res. 294: 263-268.

Kemp J. A., A. C. FosTer, and E. H. F. Wong (1987)
Non-competitive antagonists of excitatory amino acid
receptors. Trends Neurosci. 10: 294-298.

KORNHAUSER, J. M., D. E. NeLsoNn, K. E. Mavo, and
J. S. TakanasHI (1990) Photic and circadian regula-
tion of c-fos gene expression in the hamster suprachi-
asmatic nucleus. Neuron 5: 127-134.

MAaTHERS, D. A., and J. L. BARKER (1980) Pentobarbital
opens ion channels of long duration in cultured mouse
spinal neurons. Science 209: 507-509.

MCcGIVERN, J., and C. N. ScHoLFELD (1990) General
anesthetics and field currents in unclamped, unmye-
linated axons of rat olfactory cortex. Br. J. Pharma-
col. 101: 217-223.

MEaDp, S., F. J. P. EBLING, E. S. MAaYywoop, T. Humpy,
J. HerserT, and M. H. HasTiNGs (1992) A nonphotic
stimulus causes instantaneous phase advances of the
light-entrainable circadian oscillator of the Syrian
hamster but does not induce the expression of c-fos
in the suprachiasmatic nuclei. J. Neurosci. 12:
2516-2522.

MEUER, J. H., G. A. Groos, and B. Rusak (1986)
Luminance coding in a circadian pacemaker: The su-
prachiasmatic nucleus of the rat and the hamster.
Brain Res. 382: 109-118.

MEUER, J. H., B. Rusak, and M. E. HARRINGTON (1989)
Photically responsive neurons in the hypothalamus of
a diurnal ground squirrel. Brain Res. 501: 315-323.

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

MiLer, K. W., L. M. BrasweLL, L. L. FIRESTONE,
B. A. DoBson, and S. A. ForMaN (1986) General
anesthetics act both specifically and nonspecifically
on acetylcholine receptors. In Molecular and Cellular

188

Mechanisms of Anesthetics, S. H. Roth and K. W.
Miller, eds., pp. 125—137, Plenum Press, New York.

Mooreg, R. Y. (1973) Retinohypothalamic projection in
mammals: A comparative study. Brain Res. 49:
403-409.

NicoLL, R. A., and J. M. Wortowicz (1980) The effects
of pentobarbital and related compounds on frog
motorneurons. Brain Res. 191: 225-237.

OLseN, R. W. (1982) Drug interactions at the GABA
receptor—ionophore complex. Ann. Rev. Pharmacol.
Toxicol. 22: 245-277.

PicHoN, Y. (1979) Effects of urethane on the ionic cur-
rents in squid giant axons. J. Physiol. 287: 31-32.

Pickarp, G. E. (1982) The afferent connections of the
suprachiasmatic nucleus of the golden hamster with
emphasis on the retinohypothalamic projection. J.
Comp. Neurol. 2/1: 65-83.

RaLpH, M. R., and M. MENAKER (1985) Bicuculline
blocks circadian phase delays but not advances. Brain
Res. 325: 362-365.

RaLPH, M. R., and M. MENAKER (1986) Effects of diaz-
epam on circadian phase advances and delays. Brain
Res. 372: 405-408.

RarpH, M. R., and M. MENAKER (1989) GABA regula-
tion of circadian responses to light. J. Neurosci. 9:
2858-2865.

Rusak, B., and G. A. Groos (1982) Suprachiasmatic
stimulation phase shifts rodent circadian rhythms.
Science 215: 1407-1409.

Rusak, B., H. A. ROBERTSON, W. WISDEN, and S. P.
Hunt (1990) Light pulses that shift rhythm induce
gene expression in the suprachiasmatic nucleus. Sci-
ence 248: 1237-1240.

Sawaki, Y. (1979) Suprachiasmatic nucleus neurons:
Excitation and inhibition mediated by the direct re-
tino-hypothalamic projection in female rats. Exp.
Brain Res. 37: 127-138.

ScHuLtz, D., and R. L. MAacDoNALD (1981) Barbiturate
enhancement of GABA-mediated inhibition and acti-
vation of chloride ion conductance. Brain Res. 209:
177-188.

TakaHAsHIL, J. S., P. J. DECoursey, L. BAUMAN, and
M. MENAKER (1984) Spectral sensitivity of a novel
photoreceptive system mediating entrainment of
mammalian circadian rhythms. Nature 308: 186-
188.

Zatz, M., and M. J. BROWNSTEIN (1979) Central depres-
sants rapidly reduce nocturnal serotonin N-acetyl-
transferase activity in the rat pineal gland. Brain Res.
160: 381-385.






