i

Electrical and pharmacological properties of
the suprachiasmatic nuclei*

GERARD GROOS,” ROBERT MASON,* AND JOHANNA MEIJER*

Clinical Psychobiology Branch, National Institute of Mental Health, National Institutes of Health,

Bethesda, Maryland 20205

One of the most fundamental prop-
erties of circadian rhythms is their per-
sistence in animals living in a constant,
or aperiodic, environment. Under such
experimental conditions the free-run-
ning rhythmicity exhibits a period that
deviates from exactly 24 h. When an
animal is exposed to daily environmen-
tal cycles its circadian rhythms will en-
train to the 24-h period of the external
rhythm. These phenomena are most
simply explained by postulating that
animals possess one or more circadian
pacemakers that generate an oscillation
with an intrinsic period close to 24 h.
These pacemakers, moreover, are sus-
ceptible to entrainment by environ-
mental periodicities, particularly the
daily alternation between light and
darkness. Until recently the concept of
a circadian pacemaker was largely hy-
pothetical and its empirical foundation
consisted entirely of observations of
overt rhythmicity. During the last 2
decades, however, evidence has accu-
mulated demonstrating that parts of
the endocrine and nervous systems of
various animal species do in fact con-
tain circadian pacemakers (9, 18, 25,
31, 35, 45).

In mammals the suprachiasmatic nu-
clei (SCN), two small cell groups lo-
cated in the anterior hypothalamus just
dorsal to the optic chiasm, have been
identified as a putative circadian pace-
maker (25, 33, 35). Although the SCN
are probably not the only structures
with such a function in mammals (9,
31, 42), the evidence that the SCN con-
stitute a major pacemaker in the mam-
malian circadian system is compelling.
The empirical support for this idea in-
cludes numerous demonstrations that
many circadian rhythms are abolished
by complete bilateral SCN lesions or
surgical isolation of the SCN in rodents
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ABSTRACT

The suprachiasmatic nuclei (SCN) of the mammalian hypothalamusare an important
circadian pacemaker. The electrical activity of these nuclei exhibits an intrinsic
circadian rhythm. The rhythmicity of the SCN is also reflected in cyclic glucose
consumption and serotonin metabolism. These rhythms are entrained to the light-
dark cycle via the retinohypothalamic projection. This pathway, possibly together
with a visual projection via the ventral lateral geniculate nuclei, innervates light-
responsive SCN cells, which exhibit the functional properties of luminance detectors.
The SCN contain various peptides, acetylcholine, and serotonin either intrinsically
or in terminals of afferent projections. For acetylcholine it has been demonstrated
that the SCN mediate the process of photic entrainment and light suppression of
pineal synthetic activity. In the case of serotonin and vasopressin it seems certain
that the SCN do not depend on their presence for generating circadian rhythms

or for entrainment. Both substances may modulate the intrinsic pacemaker fre-
quency through mechanisms that remain to be established.—Groos, G.; Mason, R.;
Meijer, J. Electrical and pharmacological properties of the suprachiasmatic nuclei.
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as well as in primates (9, 18, 25, 31,
35). Furthermore, electrical stimula-
tion of the SCN has been shown to alter
the phase of circadian rhythms in ro-
dents (34). The SCN exhibit a circa-
dian rhythm in glucose utilization (38,
39) and they are capable of sustaining
a rhythm in electrical activity even
when neurally isolated from the rest of
the brain (18, 19). All these studies con-
sistently support the notion that the
SCN are capable of endogenous pro-
duction of a circadian pacemaker
rhythm. In addition, the retinohypo-
thalamic projection (RHP), which ter-
minates in the SCN, mediates the en-
trainment of circadian rhythms by light-
dark cycles (11, 19, 23, 25, 33). Thus,
an anatomical substrate is present for
the process of photic entrainment.

CIRCADIAN RHYTHMS OF
THE SCN

When electrodes are implanted in var-
ious brain regions of freely moving

rats, marked circadian rhythms in mul-
tiple- and single-unit activity can be re-
corded (18, 19, 28). The SCN are no
exception in this respect. In the rat,
SCN multiunit activity is high during
the light portion of the day and low
during darkness (18). This pattern of
rhythmicity corresponds to the circa-
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dian rhythm of glucose consumption of
the SCN (38, 39). The SCN appear o
be the only brain structure capable of
sustaining circadian rhythms in glucose
consumption and electrical activity.
Thus, in autoradiographic studies the
SCN were reported to be the only part
of the brain exhibiting a circadian glu-
cose uptake pattern (39). One should
be cautious, however, to conclude on
the basis of these findings that brain
regions outside the SCN are ar-
rhythmic in their glucose uptake. Even
in the SCN of rats kept in light-dark
cycles, i.e., under conditions where the
amplitude of the rhythm in metabolic
rate is largest, the ratio of amplitude
to mean level of glucose consumption
is only approximately 0.25 (38). This
suggests that a metabolic activity
rhythm may be very difficult to detect
in areas with a high metabolic rate and
a less homogenous functional organi-
zation. Thus, the preoptic area sur-
rounding the SCN exhibits a marked
circadian rhythm in electrical activity
(18, 19), but autoradiographic studies
of glucose utilization have not been
able to demonstrate a metabolic rhythm
in this region (38, 39). Moreover, there
are indications that in addition to the
SCN, the cortex may also exhibit a
rhythmic glucose uptake pattern (6).
Inouye and Kawamura (18, 19)
found that multiunit rhythms in a num-
ber of brain structures were abolished
by surgical isolation of the SCN from
the rest of the brain. Significantly, the
electrical activity rhythm of the SCN
and the directly adjacent areas in the
hypothalamus persisted both in light-
dark cycles and in constant light or
dark (19). Because the persistence of
rhythmicity outside the SCN island was
not exhaustively investigated in their
study, this result does not warrant the
conclusion that the SCN are the only
nuclei with intrinsic rhythmicity. These
findings are conclusive in another re-
spect, insofar as they demonstrate that
the SCN do not require neural, input
or a light-dark cycle to sustain their
circadian rhythm. In contrast, many
other parts of the brain appear to be
dependent on neural afferents from
the SCN for their circadian rhythm in
electrical discharge. Therefore, the ex-
periments of Inouye and Kawamura
constitute the most compelling evi-
dence presently available that the SCN
are indeed a circadian pacemaker. It
should be noted that these authors ob-
served the rhythmicity in the SCN alter

complete neural deafferentation of the
anterior medial hypothalamus, with
the exception of the RHP. This does
not eliminate the possibility that the
activity of the SCN is driven rhythmi-
cally by humoral factors or by temper-
ature. In view of the recent demon-
strations that other circadian pacemak-
ers may be present outside the SCN this
possibility should not be dismissed
_without some consideration. In partic-
ular, body temperature and cortisol
rhythms of primates persist after de-
struction of the SCN (9, 31) both in
light-dark cycles and in constant con-
ditions. Consequently it is important
that rhythmicity be demonstrated in
the SCN, not just after neural isolation
but also in a constant biochemical and
thermal environment. This would re-
quire an in vitro study of the SCN. The
in vitro approach has proved of great
value to demonstrate the capability of
endogenous circadian oscillation in the
eye of Aplysia and the avian pineal
gland (45). Unfortunately, similar stud-
ies involving long-term (>24 h) record-
ing in SCN explants have not yet been
successful. Nevertheless, experiments
in our laboratory have shown that sin-
gle cells in explants of the rat SCN ex-
hibit spontaneous electrical activity that
can be recorded for periods of up to
14 h (12). In a large number of such
in vitro SCN explants that were incu-
bated at different times during the an-
imals’ circadian cycle, we observed that
the spontaneous firing rate of SCN cells
is significantly higher during the sub-
Jective day (corresponding to the light
portion of the day) than during the sub-
jective night (12a), as was found for in
vivo SCN recordings (18, 19). These
experiments are still remote from a
demonstration that the SCN can sus-
tain a circadian rhythm after isolation
in vitro. Nevertheless, they do support
the original interpretation of Inouye
and Kawamura's finding, i.e., the elec-
trical activity rhythm of the SCN is
most probably intrinsic and does not
result from a temperature or humoral
rhythm generated elsewhere in the
body (9, 31).

VISUAL PROPERTIES
OF THE SCN

An essential function of the SCN is to
establish a stable phase relationship be-
tween its intrinsic rhythm and the light-
dark cyele. Consequently, for photic
entrainment to occur, relevant infor-
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mation about the illumination cycle
should ultimately reach the SCN. In
mammals the entrainment pathways
originate exclusively in the retina (46).
The RHP is of major importance for
entrainment of the mammalian circa-
dian system, i.e., lesions of more cen-
tral parts of the visual system do not
result in loss of entrainment (25, 33).
Also, it has been demonstrated recently
that the entrainment of the electrical
activity rhythm of the SCN requires
only that their direct retinal input be
intact (19). This does not imply, how-
ever, that the RHP is the only pathway
mediating the effects of light on cir-
cadian rhythms. There is evidence that
the ventral lateral geniculate nucleus
(vLGN), itself a terminal nucleus for
retinal fibers, projects to the SCN with
avian pancreatic polypeptide-contain-
ing fibers (5, 11, 16, 33, 43). Thus a
second, multisynaptic visual pathway to
the SCN may exist and there are sev-
eral indications that this indirect pro-
jection plays a role in the photic control
of circadian rhythms in hamsters (33).

A considerable proportion of SCN
cells respond to visual stimulation of
the retina (11, 13, 14, 19, 27, 37). Fig-
ure | presents examples of typical light
responses of SCN cells. The large ma-
Jjority of light-responsive SCN cells
change their firing rate tonically when
the ambient luminance level is changed.

" They do so in either of two ways. Most

visual cells increase their discharge
when the luminance is increased to a
higher level, whereas a smaller pro-
portion responds in the opposite way.
Accordingly we have classified these
SCN cells as light activated or light sup-
pressed (11, 13, 14). For both classes
of neurons the relation between their
mean discharge rate and the ambient
luminance is monotonic (11). The ac-
tivated cell type increases its discharge
from that in the dark steadily until it
saturates at photopic luminance levels
(>10* cd/m?. The suppressed cells
decrease their discharge until, in many
cases, at higher luminance levels their
firing ceases altogether. Typically, these
responses to light are apparent only at
relatively high light intensities (>107!
cd/m?). This high threshold indicates
that, under nawural conditions, the
SCN are primarily sensitive to the large
ambient luminance changes that occur
between day and night whereas they
are relatively unaffected by different
intensities of moonlight. The lunc-
tiomal specialization of light-responsive
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Figure 1. Typical discharge patterns of two neu-
rones in the rat SCN in response to an exponen-
tial increase and decrease in overall ambient lu-
minance (in log cd/m?), The activated cell type
illustrated in the upper record increases its dis-
charge rate as a monotonic function of lumi-
nance. The lower record shows an example of
the suppressed cell type, which behaves in the
opposite manner, Below the two records the time
course of the luminance change is shown.

SCN cells toward coding luminance is
further illustrated by the extremely
large receptive fields of SCN neuron
(Fig. 2) that frequently exceed 40° of
arc in diameter (14). The receptive
field boundaries are often ill-defined
and within the field there is no indi-
cation of an antagonistic center-sur-
round organization. In summary, the
receptive fields of cat SCN cells are
homogenous, large, and well suited for
spatial integration of photic energy
from large areas of the retina. We have
recently confirmed these findings for
the rat.

In the vLGN a sizeable subpopula-
tion of cells is found with properties
identical to those of the light-activated
and light-suppressed SCN cells (11,15,
32, 40). At least a portion of these
VLGN cells terminate in the SCN. Elec-
trical stimulation of their terminals in
the SCN in rats results in antidromic
activation of their cell bodies in the
VLGN (11). Thus it is possible that two
separate but functionally equivalent
visual pathways project to the SCN.
Nevertheless, the integrity of the reti-
nogeniculosuprachiasmatic pathway is
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not required for the entrainment of
circadian rhythms. The RHP alone is
sufficient to mediate this function (33).
This observation is consistent with the
finding that SCN cells respond nor-
mally to light after bilateral lesions of
the vLGN (11, 183, 37), whereas phase
resetting of the SCN rhythm by light
pulses is possible with the RHP as the
only intact input to the SCN (19).

PHARMACOLOGY OF THE SCN

Synaptic interactions between SCN cells
as well as between afferent nerve end-
ings and SCN cells are probably im-
portant for the generation and entrain-
ment of circadian rhythms. Therefore,
neuropharmacological studies of the
SCN and their afferents will contribute
to the understanding of the central reg-
ulation of circadian rhythms. The SCN
have high concentrations of various
peptides, both in perikarya and in their
cell processes, but also in afferent ter-
minals (25a). The ventral portion of
the SCN receives a serotonergic input
from the midbrain raphe nuclei (29,
41). In contrast there is little evidence
that catecholamines are present within
the boundaries of the SCN. Catechol-
aminergic terminals, however, are
found in the neuropil surrounding the
SCN, which may explain why some
SCN cells respond to microionopho-
retic application of dopamine and nor-
epinephrine (25, 26). Acetylcholine
may be one of the SCN transmitters.
The SCN have detectable levels of cho.
line acetyltransferase whereas binding
sites for a-bungarotoxin have been
demonstrated in the SCN (2).

For most of these substances it has
not been established if and how they
are involved in circadian timekeeping.
However, some information is avail.
able on the functional importance of
the acetylcholine, vasopressin, and se-
rotonin (5-HT) systems. Carbachol, a
cholinergic agonist, acutely suppresses
the high nocturnal level of pineal se-
rotonin-N-acetyltransferase (SNAT)
activity when administered intraven-
tricularly or in the vicinity of the SCN
of blinded rats (48, 49). This effect can
be blocked by nicotinic but not by mus-
carinic antagonists (49). In intact ani-
mals a suppression of SNAT can be in-
duced by nocturnal exposure to light,
a response that involves the RHP, the
SCN, and the sympathetic innervation
of the pineal gland (27, 35, 48). Thus
at the level of the SCN, a nicotinic cho-
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linergic mechanism is implicated in the
transmission of photic information 1o
the pineal. Similar injections of car-
bachol are capable of phase shifting the
free-running pineal SNAT activity
rhythm in rats and the locomotor ac-
tivity rhythms of inice (48, 50). Inter-
estingly, delay shifts are observed after
injections in the early subjective night,
whereas advance shifts occur after Jate
subjective night injections. The phase-
shifting effects of carbachol therefore
qualitatively parallel the phase re-
Sponse curve for light pulses (7, 50).
These studies demonstrate that photic
entrainment as well as the immediate
effects of light on pineal function may
involve acetylcholine and its nicotinic

 cholinergic receptors in the SCN. If 50,

it is still unclear whether acetylcholine
isa transmitter between RHP terminals
and SCN cells or between intrinsic
SCN cells involved in the visual func-
tions of these nuclei. It seems unlikely
that acetylcholine plays an important
role in the mechanism of rhythm gen-
eration. Local injection of a-bungaro-
toxin, a potent and irreversible cholin-
ergic antagonist, does not prevent the

circadian rise in pineal SNAT (49).

The Brattleboro rat has been used
as an experimental model to study the
role of the vasopressin SCN cells in cir-
cadian timekeeping (10, 30). This an-
imal is genetically deficient for vaso-
pressin in the SCN as well as in the
hypothalamopituitary system. From
these studies it is clear that vasopressin
is not necessary for the generation or
for the entrainment of the drinking

Figure 2. Poststimulus time histograms computed
for a light-suppressed SCN cell in the cat. The
cell had a large receptive field with partly un-
determined boundaries. Stimulation of the cen-
tral portion of the receptive field with a flashing
spot of 3° produces the response illustrated in
the upper histogram; the response to a 9° spot
is shown in the lower histogram. It can be seen
from these responses that an antagonistic sur-
round mechanisms are absent. The time base of
the records is 840 ms; the ordinate calibration
indicates 50 impulses/bin, From ref 14,
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and locomotor activity of rats (10, 30).
Vasopressin administration does not
alter the period or phase of the free-
running activity of the Brattleboro rat
(30). The estrous cycle, which is criti-
cally dependent ona circadian timing
system in the SCN (35), is apparently
normal in vasopressin-deficient animals
(30). The only abnormality observed
in these rats is their comparatively long
free-running period. It remains to be
established whether this results from
an altered photic responsiveness or
from an actual difference in the rhythm-
generating mechanisms of the SCN.

Of the identified and putative trans-
mitters in the SCN, the serotonergic
system has been studied most exten.
sively; therefore we shall discuss the
role of 5-HT separately.

SEROTONERGIC INNERVATION
OF THE sCN

It is well established that the SCN have
a high 5-HT content. The 5-HT in the
SCN is contained in terminals, the peri-
karya of which are located in the mid-
brain raphe complex (29, 41). 5-HT,
tryptophan hydroxylase, and mono.
amine oxidase are all present in the
SCN (36, 47). The 5-HT terminals in
'the SCN are capable of 5-HT uptake.
Interestingly, this process shows a cir-
cadian rhythm (24) as does the concen-
tration of 5-hydroxyindole acetic acid
in these nuclei (8). These biochemical
observations indicate that 5-HT may
act as a transmitter between raphe and
SCN cells. Microionophoretic studies
confirm this conclusion (4, 26). In our
experiments microionophoretically ap-
plied 5-HT elicited a dose-dependent
inhibition of discharge in 71% of the
cells in the rat SCN. As in the case for
the cat (4), focal stimulation of the
raphe resulted in suppression of spon-
taneous or glutamate-induced‘ dis-
charge of SCN cells responsive to 5-HT
(Fig. 3). lonophoresis of 5-HT with si-
multanecus application of imipramine
resulted in an enhanced and prolonged
inhibition (Fig, 3). Application of imip-
ramine alone was characterized by an
inhibitory response in the majority of
SCN cells. Imipramine ejection in the
SCN also augmented the inhibition
caused by raphe stimulation. These ef-
feets of imipramine are thought (o re-
flect blocking of presynaptic 5-H7T up-
take by imipramine in the SCN (21, 47)
which would result in increased levels
of 51T, Clorgvline, & monoamine ox-
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idase inhibitor (1), produced a pro-
longed and dose-dependent suppres-
sion of discharge in a large proportion
(90%) of SCN

by ionophoresis. These and previous
studies (4, 26) demonstrate that SCN
neurons are responsive to 5-HT and its
release via activation of the raphe pro-
Jjection to the SCN,

In spite of the demonstrated trans-
mitter function of 5-HT in the SCN,
raphe lesion or local injection of 5,7-
dihydroxytryptamine in the SCN has
remarkably little effect on either en-
trained or free-running rhythms (3, 17,
20, 35, 44). Therefore it must be con-
cluded that the serotonergic innerva-
tion of the SCN is not essential for
these functions. This is further dem-
onstrated by the observation that the
SCN-sustain entrained and free-run-
ning rhythms after transection of their
raphe afferents (18, 19). Inhibition of
5-HT synthesis by systemic administra-
tion of p-chlorophenylalanine or by
feeding animals on a tryptophan-free
diet results in circadian arrhythmicity
during the time that brain 5-(T levels
are signiﬁcantly reduced (17, 20, 22,
44). In view of the raphe lesion exper-
iments it seems most likely that this
finding is dependent on suppression of
serotonergic mechanisms involved in
the expression rather than the gener-
ation of circadian rhythms. Recently it

CENTRAL NERVOUS SYSTEM CONTROL OF MAMMALIAN CIRCADIAN RHYTHMS

neurons, when applied -

was demonstrated that chronic system-
atic administration of clorgyline delays
the activity rhythms of hamsters with
respect to the light-dark cycle (45a).
This delay could result from a change
in the phase response curve or from a
lengthening of the pacemaker’s period.
In either case the SCN would be im-
plicated as a site of action of clorgyline.
Preliminary experiments indicate that
this might indeed be the case, Local
implantation of a clorgyline—containing
cannula near the SCN lengthens the
period of the free-running food intake
rhythm of blinded rats. This effect is
not observed when blank cannulas are
placed near the SCN or when clorgy-
line cannulas are implanted 1 mm away
from the SCN (47). Thus, inasmuch as
clorgyline will increase the level of lo-
cally available 5-HT in the SCN, it may
be that increased 5-HT concentration
in the SCN can modulate the free-run-
ning period of the pacemaker. One
should be very cautious, however, in
drawing this conclusion, In particular,
there are many questions about the lo-
cal and pharmacological specificity of
the clorgyline effect. Moreover, if in-
creased 5-HT levels in the SCN can in-
deed modulate pacemaker frequency,
it is surprising that 5-HT injection in
the vicinity of the SCN is inefTective

“in phase shifting the pineal SNAT

rhythim (48). Fpi

2793 -




1 00-—102; 1970,
k, G, s Billiar, R, B, Properties
and regional distribution of nicotinic

3. Block, M, Zucker, I, Circadian rhythms
of rat locomotor activity after lesions

dbrain raphe nuclej, /.

Comp. Physiol, 10g. 235-247; 1978,
F. E; i

5, Card, J P Moore, R, Y. Ventral lat-
eral geniculae Nucleus efferens to
the rat Suprachiasmatjc nucleus ex-

Crane, p, D,; Braun, I, D.; Cornford,
- M Nyerg‘es, A M, Oldendorf,
W. H. Cerebra] cortical glucose uy;.
lization ip, the i :
dence for 5 circadian rhythm. /. Ney,.
rochem. 34: 170 ~-1706; 1980,

S.; Pittendrigh, C.S. A func.

tammetry of 5. ydroxyindoleacetic
acid in the Suprachiasmatjc nuclej;
circadian fluctuations, 6th Eur.
Sleep Res, Abstr., p- 14; 1989,
9. Fuller, C, A Lydic, R.; Sulzman,
F. M,; Albers, 'H, E; Tepper, B.;
Moore-Ede, M. C. Circadiap rhythm

Bull, 6. 125-130; 198

I. Groos, G, The neurophysiology of the
mammalian Suprachiasmatjc nucleus
and its visyy| efferents, Aschoff, |.;
Daan, S.: Groos, G., eds. Vertebrate
circadian DStems: structure qng physi-
ology. Heidclberg: Springer~\/crlug;
1989: 96-105,

" Groos, G.; Hendriks, I Rc-gulzlrly fir-
ing neurones in the ryy suprachiys-
matic nucleys, Experientia 35, 1597~
1598; 1979,

1. Groos, G.; Hendriks, I Circadian

rhythms iy, electrical discharge of rat
Suprachiasmatjc nNeurons recorded
in vitro, Neurosci, gy 34: 283-288;

13. Groos, G,; Mason, R, Maintaineqd dis-
charge of ra Suprachiasmagjc neu-
adaptation levels,

Neurosei, Lett, 8. 59-64; 1978.

14, Groos, G, Mason, R, The visual prop-
erties of ra¢ and €at suprachiasmatic
neurones, /, Comp. Physiol, 135: 349
356; 1980,

15. Hale, p. T.; Sefton, J A comparison
of the visyaj and electrica] response
Properties of cells i the dorsal and
ventral laterg) geniculate nycle;,
Brain Res. 153: 591—595; 1978,

16. Hickey, T. i

fan autoradiographic
study. Exp. Bryin Res. 24; 523-529;

light.
531-544; 1979,

18. Inouye, §, I. T, Kawamura,
‘sistence of circadian rhythmicity in

cleus. Pyoc. Natl. Acgd, Sd. Usa 7¢
5962—5966; 1979,
19, Inouye, S. T; Kawamura, H. Char.

acteristics of 5 circadian Pacemaker
in the Suprachiasmatijc nucleus, /.
Comp. Physiol, 146: 153-160; 1989,
Kordon, C.; Hery, M.; Szafarczyk, A
Ixart, G,; Assenmacher, L Seroto-
nin and the regulation of Pituitary

20.

21. Langer, §, Z; Moret, C; Raisman, R,;

22, Lanior, Ji Ternaux, J P Dons, C;
Lagarde, Jo M. Long-term effects of
4 tryptophan-free diet on Serotonin
metabolism ang sleep-waking bal-
ance in rats, Exp. Brain Res. 41:346-
357 1981, ,
23. Maj, J. K. The accessory optic system
and the rctino~hypo(h;llumic system.
A review, f, Hirnforsch, 19. 213-948;
19738,
24. Meyer, D, C.; Quay, w, B. Hypotha.
lamic and suprachiasimgje uptike of
SCrotonin in vigpq. wenty-four oy,

FEOERATION PHOCEEDINGS VOL. 42, NO. 19

25. M

253, M

26. Nish

28. O

29,

30.

31. R

32,

33.

34,

changes ip, male and proestrous fi.
male s, Endocrinalvg)' 98: 1160~
L165; 1976

oore, R, Y, Central Neural contro)
of circadian rhythms, Ganong,
W. F,; Martini, L., eds. Frontiers iy
neuroendom'no/ogy, vol. 5. New York:
Raven; 1978: 185-2¢6.

Oore, R, VY, Organization ang func-
tion of 3 central nervoys system cip-
cadian oscillator: (he suprachias-
Mmatic hypothalamic
alion Pro,. 42: 2783—2789; 1983,

- .

y H.; Koizumi, K. Mec-
Chandler Brooks, C, The role of the
suprachiasmatjc nuclei of the hypo-
thalamus in ¢he Production of ¢,
cadian rhythm, Brain Res, 119. 45-
59; 1976,

no, T,; Nishino, H.; Sasaki, K.; Fu-
kuda, M, Muramoto, K. Long-term

Parent, A, Descarries, L; Beaudet, A.
Organization ofasccnding serotonin
. Systems after intraventricular ad-
ministration of [’HJS-hydroxytrypl~
amine, Neuroscienc, . I'15-13g.

Sus monkey, J- Neurosei, 1. 1414-
1425; 1987

Richard, D,; Koszul, M. F,; Buser, P,
Size and characteristjcs of visual re.
ceptive fields ip, nucleus vengryljs lat-

anes-

175-174.

Rusak, B, Neural mechanismg for en.
trainmeny g Beneration of pypy,.
malian circadia), rhythms, Federagion
Proce, 38; 2589-2545. 1979,

Rusak, B,; Groos, G, Supm('hiusm:ui('
stimulation phase shifs rodent iy
cadian rhythms. Seionee 215: Lyoy.
1-409; 1980,

. Rusak, B.; Zucker. L Neural regaly.

AUGUST 1943

SEB




tion of circadian rhythms. Physiol.
Rev. 59: 449-596; 1979,

36. Saavedra, J.; Palkovits, M.; Brown-
stein, M. J; Axelrod, J. Serotonin
distribution in the nuclej of the rat
hypothalamus and preoptic region.
Brain Res. 77. 157-165; 1974.

37. Sawaki, Y, Suprachiasmatic nucleus
Neurones: excitation and inhibition
mediated by the direct retino-hypo-
thalamic projection in female rats,
Exp. Brain Res. 37. 127-138; 1979,

38. Schwartz, w, I Davidsen, L. C,;
Smith, C. B. In vive metabolic activ-
ity of a putative circadian oscillator,
the rat suprachiasmatic nucleus. J.
Comp. Neurol, 189: 157-167; 1980.

39. Schwartz, w. J., Gainer, H. Supra-
chiasmatic nucleus: use of "C.la-

beled deoxyglucose uptake as a func--

tional marker. Science 197 1089-
1091; 1977,

40. Spear, P. D.; Smith, D. C.; Williams,
L. L. Visual receptive field proper-
ties of single neurons in cat’s ventral
lateral geniculate nucleus. J. Neuro-

 physiol. 40: 390-409; 1977
41. Steinbusch, H. w, M. Distribution of

scro(onin-immunoreac(ivi[y in the-
central nervous system of the rat—
cell bodies and terminals, Neurosci-
ence 6: 557-618; 1981,

42. Stephan, F, K. Limits of entrainment
to periodic feeding in rats with su.
prachiasmatic lesions. J. Comp. Phy
siol. 143: 401-410; 198].

43, Swanson, L, W.; Cowan, W, M,; Jones,
E. G. An autoradiographic study of
the efferent connections of the ven-

tral lateral geniculate nucleys in the -

albino rat and the cat. [. Comp. Ney-
rol. 156: 143-164; 1974,

44, Szafarczyk, A.; Alonso, G.; Ixart, G
Malaval, F,; Nougier-Soule, Js As-
senmacher, I, Serotonergic system
and circadian rhythms of ACTH and
corticosterone in rats. Am, J- Physiol,
239: E482-E489; 1980.

45. Takahashi, J- 8 Zatz, M. Regulation
of circadian rhythmicity. Science 917-
1104-1111; 1989,

45a. Tamarkin, L.; Craig, C. J; Garrick,
N. A; Wehr, T. A. Effect of clor-
gyline (a MAO type A inhibitor) on
locomotor activity in the Syrian
hamster. Am. J. Physiol. In press.

CENTRAL NERVOUS SYSTEM CONTROL OF MAMMALIAN CIRCADIAN RHYTHMS

46. Underweed, H.; Groos, G. Vertebrate
circadian thythms: retinal and ex-
traretinal photoreceptors. Experien-
tia 38: 1013-1021; 1989,

47. Wirz-Justice, A; Groos, G Wehr,
T. A. The neuropharmacology of
circadian timekeeping. Aschoff, I
Daan, S.; Groos, G., eds. Vertebrate
dreadian systems: structure and physi-
ology. Heidelberg: Springer-Verlag;
1982; 183-193,

48. Zatz, M. Photoentrainment, pharma-
cology, and phase shifts of the cir-
cadian rhythm in the rat pineal. Fed.
eration Proc. 38: 2596-260] 1979,

49. Zatz, M.; Brownstein, M. J. Injection
of a-bungarotoxin near the supra-
chiasmatic nucleus blocks the effects
of light on nocturnal pineal enzyme
activity. Brain Res. 213 438-442;
1981,

50. Zatg, M.; Herkenham, M. A, Intra-
ventricular carbachol mimics the
phase-shifting effect of light on the
circadian rhythm of wheel-running
activity. Brain Res, 212 234-238;
1981.

2795




