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SCN ELECTROPHYSIOLOGY IN VITRO:
RHYTHMIC ACTIVITY AND ENDOGENOUS

CLOCK PROPERTIES

MARTHA U. GILLETTE

Accumulated evidence from a wide range
of in vivo studies over the last 30 years
supports a role for the suprachiasmatic nu-
cleus (SCN) as the primary circadian clock
in mammals. These studies indicate that
the SCN generates a long period oscillation
that is close to but significantly different
from 24 hours and that the clock mecha-
nism undergoes circadian changes in its
sensitivity to resetting stimuli. Abolition of
circadian behavioral rhythms by lesion of
the SCN and persistence of rhythms only
within the SCN region when it is semi-iso-
lated by knife cuts suggest that all elements
of the circadian pacemaker may be intrin-
sic to this region. This conjecture cannot
be proven from these results, however, be-
cause of the complex environment in vivo.

Over the last 7 years the brain slice tech-
nique has enabled researchers to remove
the putative clock from the central nervous
system and to examine it in isolation. This
technical development enabled rapid prog-
ress in determining endogenous clock
properties of the cluster of neurons and
glia that comprise the SCN. The in vitro
approach measures clock activity differ-
ently from in vivo studies: rather than
marking phase at the time of onset in be-
havioral activity rhythms, the time of the
peak in electrical activity of the ensemble
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of SCN neurons or in vasopressin secre-
tion is determined. Thus, in vitro studies
simplify the complexity of the ‘‘black box”’
that is the clock in studies in vivo by mea-
suring primary outputs of the SCN without
interference from afferents or feedback
loops from other brain regions.

Study of the SCN in vitro enables the
researcher to determine which of the prop-
erties attributed to it from in vivo studies
are truly endogenous; that is, generated
within the SCN. In addition, this approach
allows us to dissect the intrinsic organiza-
tion of the SCN, the physiology and bio-
chemistry of the time-keeping mechanism,
and SCN regulation by neurotransmitters
and modulators. However, in order to use
this approach successfully to understand
the clock, one should first account for
clock characteristics that have been de-
duced from animal studies. That is, a spon-
taneous, near 24-hour oscillation should
persist in vitro, and the SCN brain slice
ought to demonstrate an endogenous circa-
dian change in sensitivity to resetting.

This field is not quite yet at the threshold
of understanding; however, significant
progress has been made along each of
these lines of investigation. This chapter
presents (1) the historical and methodolog-
ical context of electrophysiological study
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of rhythmic SCN activity, (2) rhythmic
electrophysiological characteristics of the
SCN in vitro, (3) the intrinsic functional
organization of the SCN clock, (4) endoge-
nous clock properties determined from in
vitro studies, and (5) future directions in
this field.

HISTORICAL AND METHODOLOGICAL
CONTEXT OF THE
ELECTROPHYSIOLOGICAL STUDY OF
RHYTHMIC ACTIVITY

Localization of a Circadian Clock in the
SCN In Vivo

The existence of an endogenous biological
clock that organizes mammalian behaviors
and physiology around the daily solar cy-
cle of light and darkness has been difficult
to prove. Circadian behaviors driven by
clocks are manifestly similar to environ-
mentally driven changes in behavior. How-
ever, in 1960 DeCoursey reported that the
activity rhythm of the flying squirrel con-
tinues in constant darkness with remark-
able regularity such that the free-running
rhythm differs from the 24-hour solar cycle
by a small but predictable degree. DeCour-
sey’s observation (1960a) was the first of
many that have supported the notion that
circadian rhythms of mammalian behavior
and physiology are driven by an endoge-
nous clock. Circadian behavioral rhythms
of nearly all species have been found to
continue under constant conditions with a
characteristic period 7 (tau) that differs sig-
nificantly from 24 hours (reviewed by
Moore-Ede et al. 1982).

Richter reported in 1967 that ablation of
the ventromedial hypothalamus eliminated
multiple behavioral rhythms. This finding
implicated a brain region as a site for such
a clock. Selective lesioning of discrete
brain loci in the early 1970s identified the
suprachiasmatic nuclei (SCN) at the base
of the hypothalamus as critical to organiz-
ing rhythms of behavior (Stephan and
Zucker 1972) and neurosecretion (Moore
and Eichler 1972) around the period of the
day. Because loss of this region has no ef-
fect on the execution of the events them-
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selves, the SCN region must provide tim-
ing information only. This temporal
organizer appears to permit execution of
behavior at some periods of the day but not
at others. The phasing of its time is fixed
by the ambient cycle of light and dark (De-
Coursey 1960b.)

An elegant study by Inouye and Kawa-
mura in 1979 demonstrated that SCN neu-
rons generate a circadian rhythm of electri-
cal activity in situ. Freely behaving rats
were implanted with electrodes that mea-
sured the summed activity of roughly 1000
neurons at the base of the 200-pwm tungsten
electrode, comparing that with activity
summed adjacent to but outside the SCN.
This differential multiunit activity (MUA)
demonstrated a circadian pattern of rhyth-
mic activity that was high in the day and
low at night. Circadian rhythms of MUA
also were measured in nearby brain re-
gions: these rhythms were in antiphase to
that within the SCN. When the SCN were
nearly isolated from the brain by dorsolat-
eral knife cuts, the pattern continued
within the SCN region; however, it was
abolished in regions outside the cut.

Although neither rhythmic humoral nor
diffusible factors nor remaining neural con-
nections could be excluded as affecting the
SCN from without, Inouye and Kawa-
mura’s work was the first nondeletion
study to provide strong evidence for a
time-keeping mechanism within the SCN.
Because the MUA in other brain regions
was 180° out-of-phase to the SCN pattern
until the intervening knife cut abolished it,
electrical signals carried by SCN efferents
must provide the timing information, prob-
ably inhibitory in these nocturnal rodents,
to the other brain regions.

Development of the SCN Brain Slice

The above studies pointed to the possible
central importance of the SCN in the gen-
eration of mammalian circadian rhythms.
This hypothesis could be tested if the SCN
could be studied in isolation. Thus, the ad-
vent of the brain slice technique offered
unusual potential. Central nervous system
tissue had been found to survive up to
about 6 minutes of hypoxia without mea-
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surable damage (Yamamato 1972). This al-
lowed the investigator adequate time to
dissect out the brain region of interest in a
tissue slice not greater than 650 wm thick
(Alger et al. 1984) and to place it in a life-
support system where its endogenous
properties could be monitored in compara-
tive isolation from afferents. Illustrations
of the morphology of the hypothalamic
brain slice and the brain slice chamber cur-
rently used in our laboratory to study cir-
cadian rhythms of SCN electrical activity
appear in Figure 6-1.

In 1982 three laboratories independently
published papers using electrical signals
produced by SCN in brain slices to address
the nature of endogenous SCN activity
(Green and Gillette 1982, Groos and Hen-
dricks 1982, Shibata et al. 1982). All three
used a coronal slice, 300-500 um thick, of
the hypothalamic region containing the
SCN. The amount of extra-SCN hypotha-
lamic tissue included varied in the three
studies. Although the precise amount of
extra-SCN tissue in each slice was not de-
tailed, it was significantly more extensive
than that in Figure 6-1 and included at least
the paraventricular and supraoptic nuclei.
Each group maintained slices at 37° C at
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the interface of a glucose/bicarbonate-sup-
plemented salt solution of slightly different
composition and flow rate, exposed to a
humidified atmosphere of 95% O,/5% CO,.
All measured extracellular activity of sin-
gle neuronal units, although the region of
SCN as well as neuronal type sampled dif-
fered.

Each group formulated their experi-
ments slightly differently. Shibata, Oo-
mura, and their co-workers at Kyushu
University initiated experiments at six
points evenly spaced throughout the 24-
hour day. For a single experiment they
prepared hypothalamic slices from rats at
one of these times, held the slice for 1 hour
then recorded for an 8-hour session during
which each cell was monitored for at least
1 hour. Recordings from 134 neurons in the
ventrolateral SCN area, the results of at
least 17 experiments initiated by sacrifice
at six different points, were plotted to-
gether. The 2-hour grand means of neuro-
nal firing rate showed significant difference
between midday and midnight. The re-
sulting day-night difference in electrical
activity of individual cells from the ven-
trolateral region reflects the day-night dif-
ference recorded for MUA in vivo, with

Figure 6-1. Left, Morphology of a coronal hypothalamic slice containing the SCN, as well as the
optic chiasm (OT), paraventricular nucleus (PVN), fornix (FX), and third ventricle (VIII). Right,
Brain slice chamber currently used in our laboratory for electrical recording (for details, see Hatton
et al. 1980). Brain slices (small squares within the inner circle) rest upon mesh within the inner well at
the interface of Earle’s balanced salt solution (supplemented with glucose and bicarbonate, pH 7.4 at
37°C, and perifused at 34 ml/h) and a humid atmosphere of 95% O,: 5% CO, bubbled through the

outer well of heated H,O.
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higher activity in slices prepared during the
day than the night. Some single cells moni-
tored for as long as 4 hours were observed
to undergo large changes in firing rate, al-
though not always in concert with the
changing level of grand mean activity.
These results suggest that the spontaneous
activity levels recorded in vivo are sus-
tained in the ventrolateral SCN in the brain
slice; however, the recording periods were
not sufficiently long to demonstrate that
the SCN can generate a circadian rhythm
of electrical activity in vitro.

Green and R. Gillette, at the University
of Illinois, succeeded in recording single
units in rat SCN in a single slice over 24
hours. The sampling procedure differed
from the other two studies in that all cells
that could be clearly discriminated as sin-
gle units were counted, recordings were
made at random throughout the SCN, and
units were counted for relatively brief peri-
ods (~2 minutes) and averaged in order to
assess the population activity; if sampling
were truly random, this procedure should
produce a pattern of activity similar to
MUA in vivo.

Two-hour means of the population of
single unit firing rates showed a robust
rhythm of activity, the major periodicity of
which was 24 hours. Activity peaked in the
early afternoon of the donor’s day; the
trough, roughly one-third the amplitude of
the peak, occurred near midnight. This
pattern appeared whether the experiment
was initiated in the morning or evening and
even to the extent that SCN from animals
whose lighting cycles were 12 hours out-of-
phase maintained their respective phases
when co-incubated during the recording
session. This finding demonstrated that the
SCN is capable of maintaining a near 24-
hour rhythm of single unit firing rate in vi-
tro that matches the pattern of MUA in
vivo. The phase of the oscillation appeared
to be determined by the prior lighting cycle
of the donor, rather than the point in the
circadian cycle at which the experiment
was initiated.

Groos and Hendriks, working at the
University of Leiden, The Netherlands, re-
ported a similar result for slices studied
over a 6- to 30-hour recording period. This
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study analyzed only the ventral and medial
SCN. Only cells exhibiting a random dis-
charge pattern over 10-120 minutes, ex-
cluding beating and bursting cells, were
counted. These SCN cells showed a high
amplitude oscillation in discharge rate over
the circadian cycle, whereas those of the
arcuate hypothalamus and retrochiasmatic
area exhibited no circadian pattern of ac-
tivity in vitro. The finding of Green and
Gillette—that the SCN could maintain an
oscillation in vitro—was confirmed for the
ventromedial subregion. Further, this os-
cillation in firing rate of the ensemble of
SCN neurons was correlated with changes
over the course of the day in the firing rates
of individual neurons recorded for as long
as 14.3 hours, thereby corroborating data
of the Shibata group. Thus, each of these
three studies complemented the others and
established firmly the feasibility of study-
ing the SCN clock in vitro.

RHYTHMIC ELECTROPHYSIOLOGICAL
CHARACTERISTICS OF SCN IN VITRO

Methods of Measurements of Rhythmic
Electrical Activity In Vitro

The experiments reported in the remainder
of this chapter come primarily from my
laboratory. In these studies, slices were
made from 2- to 5-month-old Long-Evans
rats that had been inbred in our laboratory
over the last 7 years to reduce individual
differences. The donors were reared on a
12-hour light : 12-hour dark cycle. Any ex-
perimental lighting cycle different from
that of the colony was maintained for at
least 3 weeks before sacrifice.

Slices 500 wum thick and containing the
medial SCN region are made on a mechani-
cal chopper. The Earle’s balanced salt so-
lution that perifuses the slices is similar in
composition to that used by other laborato-
ries except for its higher glucose concen-
tration (24.6 mM). Slices are maintained in
constant environmental conditions, includ-
ing constant cool light transmitted by fiber
optics from a tungsten source.

We use a sampling technique similar to
that of Green and Gillette (1982). It is
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based upon rapid sampling of single units
to determine the neuronal firing rate pat-
tern of the ensemble of SCN neurons,
rather than the long-term activity of a sin-
gle cell. Stable recordings of multiunit ac-
tivity are difficult to achieve in vitro (Gil-
lette, unpublished observations), primarily
because the slice is suspended on mesh at
the interface of the perifused medium.
Random sampling throughout the SCN at a
rate that is rapid enough to determine the
representative behavior of the population
while accurately assessing the firing char-
acteristics of each neuron sampled in the
slice should generate an oscillation very
similar to that measured by Inouye and
Kawamura (1979) with the large multiunit
electrode in vivo.

We sample extracellular activity with a
glass microelectrode pulled to a tip diame-
ter of 2—-4 um and filled with 5 M NaCl.
The electrode is advanced slowly by a hy-
draulic microdrive so it can detect any cell
at a distance and will not mechanically
stimulate the cell. After a 2-minute period
of observation to determine the firing pat-
tern and the stability of the electrode’s re-
lationship to the cell, a computer makes
two 2-minute counts of activity in 10-sec-
ond bins, which enables us to assess both
the acute firing pattern and rate. The elec-
trode is then moved deeper along the elec-
trode track until another unit is detected.
After measuring all cells encountered dur-
ing that pass through the slice, the elec-
trode is moved at random to a new position
within the SCN visible in the fresh tissue of
the slice, and the sampling process is be-
gun again. Data are averaged over 2 hours
and then plotted as the 1-hour running av-
erage.

Circadian Patterns of Neuronal Activity
In Vitro

When the range of spontaneous activities
in individual neurons is examined over the
course of the 24-hour cycle in vitro, a
much greater range is seen during the sub-
Jective day than the subjective night (small
dots, Fig. 6-2). The subjective day—the
period of ‘‘lights on”’ in the donor’s light-
ing cycle—is characterized by very rapidly

129

4

FIRING RATE (HZ)

02 4 68101214 16 18 20 22 24 2
CIRCADIAN TIME

Figure 6-2. SCN neuronal activity during the
first 24 hours in vitro. Spontaneous activities of
individual neurons randomly encountered and
recorded extracellularly (small dots). Two-hour
means of single unit activities recorded in a sin-
gle SCN over a circadian cycle + SEM (large
dots). Slices were maintained in constant light.
Shading distinguishes subjective night (the dark
phase of the donor’s lighting cycle) from day.

firing units, with activities up to 14 Hz and
occasionally higher. Very slow units with
activities below 1 Hz are observed, as well
as a range of intermediate activities. It is
the predominance of fast-firing neurons
during midday that accounts for the rise in
mean activity. Both Shibata et al. (1982)
and Groos and Hendricks (1982), who fol-
lowed individual units for as long as 14
hours, observed neuronal firing rates to
rise or fall by as much as threefold during
the day, although the direction of change
did not correlate absolutely with the direc-
tion of change in the population mean ac-
tivity.

During the subjective night, in contrast,
activity is generally low. Units with activi-
ties greater than 5 Hz are rare, and most
activity is in the 0.5-3.0 Hz range. Addi-
tionally, the number of silent units in-
creases; fewer spontaneously active units
are sampled per hour at night because they
become difficult to find (Gillette, unpub-
lished observations.)

The ensemble single unit firing rate is de-
termined by taking the 2-hour means of all
single units sampled during that interval.
The pattern of the ensemble firing rate for a
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single SCN in vitro sampled over 24 hours
(large dots, Fig. 6-2) is very similar to the
pattern of multiunit activity measured in
vivo by Inouye and Kawamura (1979,
1982). The mean firing rate for the ensem-
ble of neurons oscillates in a circadian pat-
tern. This near 24-hour oscillation is sinu-
soidal in form: activity is high in the
donor’s day, peaking at 7-8 Hz near circa-
dian time 7 (CT 7, where circadian time
begins at lights-on in the entrained lighting
cycle of the slice donor and continues for
24 hours before starting over), and is low at
night with a trough near CT 19. The peak is
relatively sharp so that the time of the sym-
metrically highest point in the curve is
identified easily. Because the peak is so
well defined under these conditions, we
use the time-of-peak to mark the phase of
the circadian oscillation in ensemble firing
rate. Thus, the time-of-peak can be used to
measure stability or perturbation of the os-
cillation with time or treatment.

Stability of the Peak in the Electrical
Activity Rhythm

The time of peak electrical activity in vitro
shows little variation between animals
from our inbred strain of rats. During the
first 24-hour period in vitro, ensemble fir-
ing rate peaks at CT 7.1 = 0.1 hr (n = 4) in
SCN from 2 month-old rats (Prosser and
Gillette 1989a). The low degree of variabil-
ity in the time-of-peak between animals
from our colony enables us to use the peak
as a reliable measure of phase of the pace-
maker or clock within the SCN.

When slices are maintained for longer
periods, up to 72 hours in vitro in the pres-
ence of antibiotic, electrical activity con-
tinues with a robust rhythm for at least
three cycles (Fig. 6-3, Prosser and Gillette
1989a). (We have not yet studied SCN
maintained in vitro for longer periods.) The
time-of-peak is remarkably stable over this
period of time in vitro, showing no signifi-
cant deviation from 24 hours (Table 6-1).
When the time-of-peak on day 1 and day 3
are compared, the data suggest that the
free-running period under these conditions
is slightly shorter than 24 hours. The fact
that the 500-um brain slice contains less
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Figure 6-3. Circadian patterns of ensemble neu-
ronal firing rate over three cycles in vitro. Re-
cording was performed only to define the time-
of-peak activity. Two-hour means = SEM of all
single units recorded are plotted with 1-hour
lags. Top panel, Recording from a single SCN
on day 2 (peak = CT 7.0) and day 3 (peak = CT
6.5). Bottom panel, Grand means for SCN re-
corded on successive days showing the stability
of the time-of-peak (see Table 6-1 for CTs of
peaks.) N, number of experiments averaged
for each day’s mean; horizontal bar, subjec-
tive night; arrow, time of slice preparation.
(Adapted from Prosser and Gillette 19894.)

than the entire anteroposterior extent of
the SCN and that the perifusion medium
contains only glucose/bicarbonate-supple-
mented salts may contribute to this result.
Nevertheless, the ability of SCN to gener-
ate stable, robust circadian rhythms of
neuronal firing rate while maintained for 3
days in vitro in this minimal medium of
glucose and salts emphasizes the endoge-
nous nature of the SCN clock. Addition-
ally, it enables us to investigate resetting

Table 6-1. Daily Time-of-Peak in the Rhythm
of Neuronal Firing Rate In Vitro*

Day 1 Day 2 Day 3
CT7.1 0.1 CT6.9=0.2 CT 6.6 = 0.4
n=4) (n = 8) n=23)

* From Prosser and Gillette, 19894.
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properties of the pacemaker using this
preparation.

Effect of the Time of Slice Preparation

Timing of the peak is independent of the
time of slice preparation, as long as it oc-
curs during the donor’s day (Gillette 1985).
When slices are made at various times over
the entrained light period of the donor’s
light-dark cycle, the rhythm picks up at a
point predicted from our other experi-
ments and continues the circadian pattern
until units are no longer detected. The pat-
tern and timing of the peak are determined
by the lighting cycle of the donor. When
compared in terms of circadian time,
which reckons time according to the 24
hour lighting cycle, they are the same for
SCN from donors from the parent colony
(lights on 7 a.m.—7 p.m.) and those housed
in separate care facilities with a lighting cy-
cle reversed from that of the parent colony
(Gillette and Reppert 1987).

Although timing of this oscillation is uni-
form for slices prepared at various times
during the donor’s day, it is altered in a
predictable way by sacrifice and slice prep-
aration during the night. This change can
be seen in the phase-response relationship
in Figure 6-4, in which the circadian time
of these manipulations is plotted against
the response of the clock, measured as the
change in the time-of-peak (Gillette 1986).
During the donor’s night, the timing of the
peak is shifted in a stimulus-response rela-
tionship very like that between the time of
light pulses to the eyes (DeCoursey 1964)
or of direct electrical stimulation to the
SCN (Rusak and Groos 1982) and the ef-
fect on rodent behavioral rhythms. The dif-
ference is that large amplitude shifts in the
time of peak electrical activity (up to 5
hours) are observed in vitro in the first cy-
cle after slice preparation at night (Fig. 6-
4). The shifts in behavior induced by stimu-
lation in vivo are of less than half this
amplitude after the first circadian cycle
(DeCoursey 1964); large amplitude shifts
take several days to develop (Rusak and
Groos 1982).

The SCN is exposed to several potential
phase-shifting stimuli during slice prepara-
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Figure 6-4. Phase-response relationship be-
tween the time at which the donor was sacri-
ficed and the brain slice prepared versus the
time of the peak in the next cycle of SCN neuro-
nal firing rate in vitro (*). The dashed line is the
predicted phase-response curve. This phase-re-
sponse curve is similar to that of DeCoursey
(1964) for the effect of a 10-minute light pulse on
the next cycle of wheel running (circles, solid
line), as well as the data of Rusak and Groos
(1982) for the effect of direct electrical stimula-
tion of the SCN on equilibrated behavioral
rhythms (squares, triangles). Shaded bar desig-
nates subjective night for all studies. (Adapted
from Gillette 1986.)

20 24

tion, including stimulation of optic nerve
afferents, both by light and cutting, and el-
evated extracellular K* caused by damage
and activity during the slicing procedure.
Nevertheless, these stimuli are only effec-
tive in resetting the SCN clock when they
occur during the entrained night period.
Thus, the clock is able to respond in vitro
to a resetting stimulus experienced at the
time of slice preparation in a manner pre-
dicted from in vivo studies.

Surprisingly, the shift that occurs ap-
pears larger in amplitude and more rapid in
its development than would have been an-
ticipated from in vivo studies (Fig. 6-4).
This observation suggests that feedback
circuits from other CNS sites normally
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may damp phase-shifting responses in the
SCN. Brain regions that oscillate out-of-
phase from the SCN due to inhibitory in-
puts from the SCN (Inouye and Kawamura
1979) would be effective sources of feed-
back. The SCN in the hypothalamic slice
has been removed from these inertial
forces and shifts rapidly, perhaps immedi-
ately (as predicted by Pittendrigh 1974 and
see below).

This study demonstrated that the effect
of a resetting stimulus that occurs at the
time of slice preparation is preserved in vi-
tro. The concordance between the neuro-
nal phase-response curve (for the effects of
time of slice preparation on the peak in the
SCN electrical activity rhythm in vitro)
and the behavioral phase-response curve
(for the effect of light or SCN stimulation
in intact animals on the time of onset of the
activity rhythms) suggests that the mecha-
nism of readjustment of the clock mecha-
nism is fundamentally the same. This par-
ticular study suggested that the SCN brain
slice could be used for study of the reset-
ting mechanism, and it emphasized the im-
portance of initiating in vitro experiments
during the entrained day.

Relationship Between Rhythmic Electrical
Activity and Vasopressin Secretion

The electrical activity rhythm must be pri-
marily an output of the time-keeping mech-
anism. Possibly this rhythm drives the
rhythms in MUA in other brain regions
measured by Inouye and Kawamura
(1979), which in turn could control behav-
ioral rhythms. An additional consider-
ation, first raised by Reppert and his co-
workers in 1981, has been whether the
rhythm of vasopressin measured in the
cerebrospinal fluid is also an output of the
SCN. Vasopressin is the major peptidergic
component of the SCN (Vandesande et al.
1975; see Chapter 9), and integrity of the
SCN is essential for the circadian rhythmic
pattern of vasopressin in the cerebrospinal
fluid (Schwartz and Reppert 1985).

To examine whether the SCN releases
vasopressin in a rhythmic pattern and how
this rhythm might relate to the rhythm of
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neuronal firing rate, we measured both
rhythms simultaneously in vitro (Gillette
and Reppert 1987). The glucose-supple-
mented salt solution perifused through the
brain slice chamber was collected for vaso-
pressin analysis by radioimmunoassay
while the ongoing electrical activity of in-
cubated SCN was recorded. The results
show that SCN in a brain slice from which
other vasopressinergic nuclei have been re-
moved does secrete vasopressin in a circa-
dian rhythmic pattern (Fig. 6-5A), corrobo-
rating results measuring vasopressin
release from an SCN explant cultured in
enriched medium (Earnest and Sladek
1986, 1987). The pattern resembles that for
vasopressin measured by Reppert et al.
(1981) in the cerebrospinal fluid in freely
behaving rats (Fig. 6-5C), suggesting that
the SCN might be a source of vasopressin.

When the vasopressin pattern (Fig.
6-5B) is compared with the electrical activ-
ity pattern for the same experiment (Fig.
6-5A), the peak in vasopressin release pre-
cedes the peak in electrical activity by
roughly 2 hours. Because vasopressin re-
lease falls sharply after it peaks, the rela-
tive amount of vasopressin released has
dropped to the daily mean level at the time
of the peak in neuronal firing and within 3
hours reaches its daily nadir. This daily
low in vasopressin secretion precedes the
trough in the electrical activity rhythm by
6-8 hours.

Although the number of experiments re-
ported in Gillette and Reppert (1987) was
small, displacement of the peaks and
troughs between the rhythms of vasopres-
sin release and electrical activity was con-
sistent. This suggests that the SCN clock
in some way times these two putative out-
puts separately. Each may represent a sep-
arate mode by which the SCN transmits
temporal information to other brain re-
gions—one by specialized circuits and the
other by neuromodulatory effects on re-
gions bathed by cerebrospinal fluid. How
they might be coupled to the SCN time-
keeping mechanism is unknown. These
results suggest further that the rapidly fir-
ing neurons, usually tonic in their activity
pattern (Gillette, unpublished observa-
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Figure 6-5. Population profiles of circadian pat-
terns of firing rate (A) and vasopressin release
(B) from SCN slices with PVN removed. Each
value is the 2-hour mean + SEM of all samples
at each point. C, Vasopressin levels in cerebro-
spinal fluid sampled from freely behaving Long-
Evans rats (replotted from Schwartz et al.
1983). Time-of-peak in the rhythm of firing rate
is marked by the dashed line. Slices were main-
tained in constant light; subjective night is des-
ignated by shaded horizontal bar. (Adapted
from Gillette and Reppert 1987.)

tions), that characterize the peak in the
ensemble neuronal firing rhythm do not
contribute to the peak in vasopressin se-
cretion. By analogy with vasopressinergic
neurons from other hypothalamic regions
(Cobbett et al. 1986), SCN vasopressin
neurons might be intense periodic bursters.
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Day-Night Differences in Acute Responses
of SCN Neurons In Vitro to
Neurotransmitters/Modulators

The diversity of neuronal firing rates at any
one time (Fig. 6-2) and of neuroactive sub-
stances and receptors localized to the SCN
(see Chapters 2 and 3) suggests that inter-
cellular communication plays a critical role
within the SCN. If the action of neuro-
transmitters and modulators is related to
the circadian rhythmic function of the
SCN, circadian change in responsiveness
or concentration might be expected. Al-
though the responsiveness of SCN neurons
to numerous neuropharmacological sub-
stances has been documented (Liou et al.
1983, 1986b, Meijer and Groos 1988,
Nishino and Koizumi 1977, Shibata et al.
1983a,b), little is known about how respon-
siveness relates to the phase of the circa-
dian cycle. Those studies that examined
circadian variation in transmitter/modula-
tor sensitivity in the SCN are reviewed
here.

Five neuroactive substances have been
examined for circadian changes in SCN
neuronal responsiveness: S-hydroxytrypt-
amine (serotonin), y-amino butyric acid
(GABA), neuropeptide Y, vasopressin,
and melatonin. Most studies compared few
time points; therefore, the reported lack of
circadian change in sensitivity cannot be
accepted as fact, and further studies are
needed to substantiate this claim fully. Ina
study of anesthetized rats throughout the
light-dark cycle, single units recorded ex-
tracellularly responded to iontophoreti-
cally applied 5-hydroxytryptamine with a
two- to threefold increased sensitivity dur-
ing the subjective dark phase (Mason
1986). In contrast, no circadian variation in
response to iontophoresed GABA was de-
tected between the day and night points
examined.

Daytime application of neuropeptide Y
to SCN neurons of hamster in vitro is ex-
citatory (Mason et al. 1987); in the rat it is
either excitatory or transiently excitatory
and then inhibitory (Shibata and Moore
1988). At night fewer neuropeptide Y-re-
sponsive cells were recorded, and both
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acute and prolonged exposure had no ef-
fect on firing rate. This differs from the ex-
citatory response to vasopressin, which is
the same in day and night (Shibata and
Moore 1988).

The pineal hormone melatonin, applied
in vitro either topically (Mason and Brooks
1988) or by superfusion (Shibata et al.
1989), caused an abrupt, reversible de-
crease in spontaneous activity of SCN neu-
rons from rat. This inhibitory effect was
limited to the late subjective day, roughly
CT 9-14; at other times, no response was
observed.

The relationship between these circadian
differences in responsiveness to neuro-
transmitters and modulators and the vari-
ety of firing rates observed over the circa-
dian cycle (Fig. 6-2) is unknown. In fact,
the short incubation periods in the above
studies of SCN in vitro do not permit us to
determine whether the changes in respon-
siveness are endogenous or were driven by
afferents before dissection. Interestingly,
neuropeptide Y (Albers et al. 1984) and
melatonin (Cassone et al. 1986) have been
implicated in phase shifting from in vivo
studies, whereas vasopressin has proven
ineffective (Albers et al. 1984.) Mecha-
nisms underlying differential responsive-
ness, as well as the transduction mecha-
nisms by which ligand binding might
contribute to the clock procession or reset-
ting, will need to be elucidated as our un-
derstanding of integrated SCN function
Erows.

INTRINSIC FUNCTIONAL
ORGANIZATION OF THE SCN CLOCK

The body of research discussed above ar-
gues against the possibility that the SCN is
composed of a homogeneous class of pace-
maker cells firing in synchrony. These
electrophysiological data, together with
morphological and immunocytochemical
data largely from van den Pol’s laboratory
(van den Pol 1980, van den Pol and Tsuji-
moto 1985, van den Pol and Gorcs 1986),
provide compelling evidence that the SCN
is a complex nucleus containing diverse
types of neurons. The role of the various
cell types in SCN function is a mystery at
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present. One of the most important issues
to address is the location and organization
of the pacemaker within the SCN. Is there
a class of pacemaker or clock cells? This
would suggest that a single cell might be
capable of sustaining a 24-hour oscillation
in its own activity. Or, is the 24-hour clock
an emergent property of the circuitry
within the SCN? Although we cannot as
yet answer these questions, we have made
progress in localizing the pacemaker that
generates the circadian rhythm of neuronal
firing within the SCN brain slice.

Because the thickness of CNS tissue
that can be sustained in vitro is limited by
the diffusion rate of O,, one cannot include
the entire 950-um length of the SCN in cor-
onal brain slices. Thus, the laboratories
that have examined the ability of the SCN
in a coronal slice to generate at least one
cycle of neuronal firing rate in vitro have
used less than the rostrocaudal extent of
the SCN. The slicing procedure cuts the
SCN at different rostrocaudal levels, rang-
ing from cutting through the most central
point to retaining the middle 500 wm, with-
out apparent effect on the phase or period
of the rhythm of electrical activity (Gil-
lette, unpublished). Since a complete 24-
hour oscillation has been demonstrated by
several groups (Gillette 1986, Green and
Gillette 1982, Groos and Hendricks, 1982),
it is apparent that there is redundancy of
the SCN pacemaker.

An important issue to resolve is whether
the oscillation in the firing rate of SCN
neurons is generated within the SCN or
whether there is contribution from other
hypothalamic regions within the slice. We
have addressed this issue by surgically re-
ducing the coronal slice that we usually use
to within 50-100 wm of the SCN borders
on the dorsal and lateral sides; the optic
chiasm ventral to the SCN was left undis-
turbed (Fig. 6-6). As indicated in our pre-
liminary report (Gillette and Prosser
1988a), this reduced slice continues to gen-
erate a robust circadian rhythm of firing
rate. The times of peak activity on both
days 1 and 2 in vitro overlap with those in
the larger hypothalamic slice. Because the
cut surrounding the SCN damages the sur-
face to a depth of about 50 wm (Alger et al.
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PVN

oT SCN
Figure 6-6. A coronal hypothalamic slice surgi-
cally reduced (cut along dashed lines) to within
50 um of the SCN. Abbreviations as in Figure
6-1.

1984), the viable tissue remaining in this
reduced slice is almost entirely within the
SCN. Thus, the information to keep circa-
dian time indeed appears to be within the
SCN.

No one has as yet recorded long-term
activity in SCN sliced in other than the
coronal plane. It is not known whether
horizontal or sagittal slicing of the SCN
will permit the clock to continue to run and
to express itself as an oscillation in electri-
cal activity. These experiments will be im-
portant and may prove surprising.

To begin to probe the intrinsic functional
organization of the SCN, we have per-
formed a number of manipulations in addi-
tion to surgical reduction on the coronal
slice. The results are still preliminary
(Tcheng et al. 1989), but have yielded suffi-
ciently interesting data so as to underscore
the usefulness of this approach. Hemisec-
tion of the usual slice by a vertical cut sev-
ering the optic chiasm, the connections be-
tween the two SCN, and the region dorsal
to the third ventricle produces two halves,
each contain one SCN. This cut does not
appear to affect the time or amplitude of
the peak measured on day 2, suggesting
that each SCN may potentially be an au-
tonomous pacemaker. Post hoc analysis of
data of an unperturbed oscillation in firing
rate on day 2 (Fig. 6-3) indicates that en-
semble neuronal activity oscillates in both
anatomical subdivisions—the dorsomedial
and ventrolateral SCN regions—of the in-
tact coronal slice.

We are now performing further micro-
surgery on the hemisected slice, bisecting
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the SCN along a 45° angle from the base
of the third ventricle. This severs the con-
nections between the natural anatomical
subdivisions. Both dorsomedial and
ventrolateral portions of the SCN survive
this surgery and appear healthy on day 2 in
vitro. Our laboratory is now investigating
the ability of each half to generate a circa-
dian oscillation in neuronal activity with a
normal time-of-peak. Preliminary results
(Tcheng and Gillette, in preparation) sug-
gest that bisection changes the ability of
one of the regions to oscillate; however,
further experiments are necessary to char-
acterize this change.

ENDOGENOUS CLOCK PROPERTIES
DETERMINED FROM IN VITRO STUDIES

The finding that SCN generate a stable
rhythm of ensemble firing rates for several
cycles in vitro led us to attempt to perturb
the oscillation with agents affecting identi-
fied biochemical pathways. We could treat
the slice during the first cycle and then ob-
serve any effect on the timing of the peak
on days 2 and 3. The reasoning behind
these experiments is that agents that reset
the oscillation must gain access to the
time-keeping mechanism, either through
an input pathway or because they are
themselves elements of the clock mecha-
nism. These two possibilities can be distin-
guished. If a phase-shifting substance is
part of the clock mechanism, the level of
the substance should itself oscillate with
the procession of the clock. If it does not,
then that phase-shifting substance must be
part of an input pathway.

cAMP and the SCN Clock

Because the clock must reside within cells
and resetting must involve some alteration
in the ongoing physiology of the cell, we
approached resetting by thinking of it as a
change in cell state. One key point in cellu-
lar regulation, especially in changes in cell
state, is control of the ubiquitous second
messenger, cyclic adenosine  3',5'-
monophosphate (cAMP). Furthermore,
cAMP had been shown to affect two long
period oscillators in molluscan nervous
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systems (Eskin et al. 1982, Gillette et al.
1982). Therefore, we began the search for
clock resetting agents by determining the
effect of various treatments that specifi-
cally stimulate cAMP pathways on the
SCN rhythm of electrical activity in vitro.

Our first experiments tested membrane-
soluble analogues of cAMP that are potent
stimulators of cAMP-dependent kinases
(Meyer and Miller 1974), the effector en-
zymes that mediate changes in cell state by
phosphorylation of specific regulatory pro-
teins. Additionally, these analogues are re-
sistant to degradation by phosphodies-
terases. Thus, they are extremely effective
in revealing the consequences of activating
cAMP pathways. The effect of 1-hour bath
application at CT 7-8 of 5 x 10~* M 8-ben-
zyl amino cAMP (BA-cAMP) upon the
subsequent oscillations in firing rate is dra-
matic (Gillette and Prosser 19885). The
time-of-peak in the next circadian cycle is
advanced by ~4.5 hours compared with
controls, and this advance is perpetuated
without decrement on day 3 (Fig. 6-7). Al-
though occasionally damping of the ampli-
tude was seen on day 3, this was not a
usual characteristic of BA-cAMP, but
rather was related to the health of the tis-
sue on the third day (Prosser and Gillette
19894). We have obtained similar phase
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shifts with bath application of other ana-
logues, 8-chlorophenylthio cAMP and 8-
bromo cAMP; simple media changes were
ineffective. These results support the hy-
pothesis that stimulation of cAMP-depen-
dent pathways causes a permanent reset-
ting of the SCN clock.

When the effect of cAMP analogues ap-
plied during subjective midday was com-
pared with the effect of application during
the subjective night, a striking circadian
difference in response was observed (Fig.
6-8). In contrast to the daytime response,
the 1-hour treatment had no effect on the
timing of the peak in subsequent cycles
when applied during the night. Detailed
analysis of the phase-response relationship
for cAMP stimulation (Prosser and Gillette
1989a) revealed a sensitive period during
most of the subjective day (CT 3-12; Fig.
6-9). Peak sensitivity to phase advance oc-
curred during CT 4-6. No period sensitive
to phase delay was observed, even at lower
concentrations of BA-cAMP.

The specificity of the daytime phase-ad-
vancing effect was tested further (Prosser
and Gillette 1989a4) by application of (1)
forskolin, a diterpine stimulator of adeny-
late cyclase, the enzyme that synthesizes
¢cAMP, and of (2) two inhibitors of phos-
phodiesterase, the degradative enzyme for
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Figure 6-7. Phase resetting by 1-hour pulse of 5 X 107* M BA-cAMP (vertical bar). Top panel,
Unperturbed control, a composite of one 24-hour recording session on day 1 with a separate experi-
ment recording activity on days 2 and 3. Control times-of-peak are marked with dashed line for
comparison with experimental treatments. Bottom panel, Composite of one 24-hour recording ses-
sion on day 1 with a separate experiment recording activity on days 2 and 3. Treatment at CT 7-8
induces a 4.5-hour advance in the time of the peak in firing rate on day 2 compared with controls. The
peak on day 3 occurs 24 hours later and is still advanced by 4.5 hours with respect to the control.
(Adapted from Gillette and Prosser 19885.)
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Figure 6-8. Phase-dependent effect of BA-
cAMP on the circadian rhythm of neuronal fir-
ing rate. Top, A 1-hour treatment during the
subjective day between CT 7-8 induces a 5.0-
hour advance in the peak. Bottom, Treatment
during the subjective night between CT 19-20
has no effect on the timing of the peak. See
Figure 6-3 for explanation of the symbols.
(Adapted from Prosser and Gillette 1989a).

741
64 °

54
] e,
3t e o

11 @ ®el
0@
-14

-2 t t + }
0 4 8 12 16 20 24

CIRCADIAN TIME (HR)

Figure 6-9. Phase-response relationship be-
tween the time of a 1-hour pulse of 5 X 10~* M
BA-cAMP and the time of the peak in neuronal
firing rate. The sensitive period extends through
most of the subjective day, from CT 3-12. Treat-
ments during the subjective night have little ef-
fect on the timing of the peak. Filled circles,
time-of-peak in the cycle after treatment.
(Adapted from Prosser and Gillette 19894.)
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cAMP. Both types of treatment augment
endogenous cAMP and thus are important
tests of the hypothesis that stimulation of
cAMP pathways is critical to the effect.
These agents induced phase advances of
similar magnitude to those stimulated by
the specific analogues, and the sensitive
period again occurred during the subjective
day. Inactive cAMP analogues, as well as
the cAMP breakdown product, 5'-AMP,
were ineffective. The dose-response rela-
tionship for BA-cAMP showed that a half-
maximal phase advance was induced at
about 10-1© M. Thus, the specificity and
sensitivity of the SCN to a variety of
cAMP-enhancing treatments reinforce the
original hypothesis that cAMP is an effec-
tor of daytime phase advances.

These results are important on three lev-
els. First, they suggest that the SCN is spe-
cifically sensitive to stimulation of cAMP-
dependent pathways. This leads to the
question of which extracellular events me-
diated by which primary messenger(s) ele-
vate(s) cAMP and whether such neuro-
modulators are endogenous to the SCN or
are part of afferent pathways.

Second, sensitivity to cAMP is tempo-
rally limited to the day. This finding dem-
onstrates that the SCN in the brain slice
undergoes a circadian change in sensitivity
to resetting agents, as was predicted from
in vivo studies. Thus, a second clock prop-
erty—circadian change in the clock mech-
anism—that was ascribed to the SCN from
studies of resetting of behavioral rhythms
in animals is maintained in vitro. Further,
the period of temporal sensitivity mirrors
the sensitivity of animals to daytime phase-
advancing stimuli, such as dark pulses on a
background of light (Boulos and Rusak
1982, Ellis et al. 1982) and induced locomo-
tor activity (Mrosovsky and Salmon 1987).
These stimuli appear to be mediated by
neuropeptide Y (Albers and Ferris 1984)
from the intergeniculate leaflet (Moore et
al. 1984) and by serotonergic inputs from
the raphe (Aghajanian et al. 1969), respec-
tively. Perhaps these stimuli converge
upon cAMP pathways within the SCN.

Third, the phase shift induced by cAMP
is complete by the time the peak appears in
the next cycle, and most probably much
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earlier. This supports an additional prop-
erty that was hypothesized to characterize
circadian clocks by Pittendrigh (1974) from
studies of Drosophila and was suggested
by our earlier work (Gillette 1986): clocks
rapidly, perhaps instantly, reset.

Once we had established that cAMP was
part of a phase-shifting pathway, it became
important to determine whether cAMP
might be an element of the clock mecha-
nism. This role would be suggested if, in
the absence of afferent input, the levels of
cAMP themselves oscillate within the SCN
and this oscillation showed a temporal cor-
relation to the period of sensitivity to
cAMP-induced phase shifting. If a rise in
cAMP is part of the normal procession of
the clock, we might expect a peak in cAMP
levels to occur just after the period sensi-
tive to cAMP-induced phase shifting (Fig.
6-10). Such a peak in cAMP levels has been
reported for freshly dissected SCN (Mura-
kami and Takahashi 1983). According to
this line of thinking, treatments stimulating
cAMP pathways induce phase shifts by
prematurely activating substrates critical
to procession of the clock that are nor-
mally activated by a later rise in cAMP at
the end of the period sensitive to cAMP
phase shifting.

We approached this issue using the brain
slice because doing so allowed us to exam-
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Figure 6-10. Phase-response curve for BA-

cAMP (dashed line) derived from Figure 6-9

plotted with hypothesized time-of-peak in

endogenous CcAMP (dashed line, relative
[cAMP],).
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ine cAMP levels without the possibility of
afferent modulation or the effects of anoxia
during dissection. Slices were incubated
for several hours and then rapidly frozen
on dry ice. SCN were punched from the
frozen tissue, and cAMP levels were deter-
mined by radioimmunoassay. This proce-
dure enabled us to determine the endoge-
nous levels associated only with
procession of the clock, which we know
occurs normally in vitro.

The results show a robust oscillation in
cAMP in SCN in vitro, with peaks shortly
before dusk and dawn (Prosser and Gillette
1989h). Because the predusk peak near CT
10 was predicted by our phase-shifting
results (Fig. 6-10), the finding strongly sug-
gests that a regulated change in cAMP is
part of the SCN clock mechanism. The
second peak before dawn does not corre-
late with the temporal sensitivity to phase
shifting, suggesting that it is part of an
output pathway. It will be important to
examine the levels of the synthetic and
degradative enzymes that regulate these
endogenous changes (Prosser and Gillette,
submitted), as well as the temporal regula-
tion of phosphoprotein substrates (Gillette
et al. 1986), to elucidate the mechanism of
cAMP action during phase shifting and
normal time keeping. An additional consid-
eration will be determining whether the
cAMP oscillations occur in the cells that
are sites of phase shifts stimulated by
cAMP.

c¢GMP and the SCN Clock

In the course of examining the sensitivity
of the SCN clock to cAMP, cyclic guano-
sine 3',5'-monophosphate (cGMP), the
structurally similar purine cyclic nucleo-
tide, was tested as a control. SCN slices
were treated for 1 hour with bath-applied
¢GMP analogues, 8-bromo cGMP (Br-
¢GMP), or N2,0%'-dibutyryl ¢cGMP, and
the following cycles were observed for
changes in the time of the peak in ensemble
firing rate. Treatment between CT 7-8, the
period when cAMP analogues induced
phase advances of 4.5 hours, had little ef-
fect upon the time-of-peak (Fig. 6-11;
Prosser et al. 1989). In fact, 1-hour Br-
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Figure 6-11. Phase-dependent effect of a 1-hour
pulse of Br-cGMP on the timing of the peak in
SCN electrical activity. Top panel, Treatment
during subjective day, CT 7-8, has little effect
on the time-of-peak. Bottom panel, Treatment
during subjective night, CT 18-19, induces a 6.5-
hour phase advance. See Figure 6-3 for explana-
tion of the symbols. (Adapted from Prosser et
al. 1989.)

c¢GMP treatments at a range of time points
during the subjective day were without
effect.

Surprisingly, in contrast to cAMP ef-
fects, we found that nighttime application
of either ¢cGMP analogue for 1 hour in-
duced robust phase advances—up to 6.5
hours at CT 18 (Fig. 6-11; Prosser et al.
1989.) These phase advances were stable
during the second cycle after treatment, in-
dicating that the phase change represented
resetting of the underlying pacemaker. The
magnitude of the phase change depended
upon the nocturnal time of treatment:
smaller advances occurred before and after
the period of maximal sensitivity, CT 16-
18; no periods sensitive to phase delay
were observed.

The differing temporal sensitivity of the
SCN clock to analogues of cAMP and
c¢GMP is apparent in Figure 6-12 in which
the phase-response curves are plotted to-
gether. This figure summarizes the results
of 28 experiments at 16 different 1-hour pe-
riods with BA-cAMP and 18 experiments
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at 13 different times with Br-cGMP
(Prosser et al. 1989). The sensitive periods
to the two cyclic nucleotides are 12 hours
out-of-phase and virtually nonoverlapping.
The sensitive period to cAMP is during the
subjective day and that to cGMP is during
the subjective night.

These results, like those regarding
cAMP, are important on several levels.
First, they indicate that at night, the SCN
is specifically sensitive to stimulation of
c¢GMP-dependent pathways. Which neuro-
modulators lead to increased cGMP within
the SCN is unknown. However, the tem-
poral sensitivity to cGMP stimulation is
concordant with the period of rodent sensi-
tivity to phase advance by nighttime
phase-shifting agents, such as light pulses
on a background of dark (DeCoursey 1964)
or direct electrical stimulation of the SCN
(Rusak and Groos 1982). Further, phase
advances stimulated by ¢GMP analogues
are similar to those induced in vitro by
pulses of 50 mM K* at CT 17 (Gillette
1987), which should provide a potent de-
polarizing stimulus at a time when neuro-
nal activity is low (Fig. 6-2).
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Figure 6-12. Superimposed phase-response
curves for 1-hour treatments with BA-cAMP
(dashed line) and Br-cGMP (solid line).
Changes in the time-of-peak in the electrical ac-
tivity rhythm induced by these treatments are
plotted against circadian time of treatment.
SCN clock sensitivity to the two second mes-
sengers is roughly 180° out-of-phase. (Adapted
from Prosser et al. 1989.)
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Interestingly, Liou et al. (1986a) re-
ported that iontophoretic application of
c¢GMP analogue to SCN neurons in brain
slices generally resulted in increased spon-
taneous activity, whereas application of
cAMP analogue most often resulted in de-
creased activity. Although the time of ap-
plication was not specified, these results,
when considered with the data presented
above, suggest that nighttime phase-shift-
ing agents might act through elevating
¢GMP and stimulating depolarization
events. On the other hand, daytime phase-
shifting agents might act through elevating
¢cAMP and stimulating hypopolarizing
events. .

Second, our finding that the SCN clock
in vitro is sensitive to a separate second
messenger system in antiphase to its sensi-
tivity to cAMP reveals that the circadian
changes in sensitivity to resetting observed
in vivo must be due to fundamental molec-
ular and cellular changes within the SCN
itself. There may be diurnally changing
sensitivities in peripheral sensory systems,
as well as changes in afferent pathways im-
pinging upon SCN neurons that would
serve to modulate the efficacy of phase-
shifting stimuli in vivo. Changes of this
sort would be secondary in effect, how-
ever, compared with primary changes in
the biochemical substrates within the SCN
and, most likely, clock neurons.

Third, because the sensitive period to
treatments with cGMP analogues is during
the night, the phase-advanced peak of fir-
ing rate occurs only 6 hours after initial
exposure. The ensemble firing rate actually
starts to rise long before this time; it is sig-
nificantly elevated at CT 22, the earliest
time point measured, to a level observed
near CT 2 in the day-treated SCN. The 6-
hour phase advance in the time-of-peak is
perpetuated without alteration 24 hours
later. This finding underscores the rapidity
with which the SCN clock can be reset.

Melatonin Phase Shifts In Vitro

A recent study addresses the ability of the
pineal hormone to induce phase shifts of
the SCN rhythm of neuronal firing in vitro
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(McArthur et al. 1989). Chapter 16 evalu-
ates thoroughly the evidence from a vari-
ety of in vivo studies that melatonin feeds
back upon the SCN; this brief discussion
addresses only in vitro data. Our approach
was to bath-apply 10~° M melatonin to the
SCN brain slice and then to determine
whether there was a phase perturbation in
the circadian rhythm of neuronal firing in
the next two cycles. This approach relies
upon the ability of melatonin receptors to
survive the trauma of slice preparation
and, indeed, would be the first attempt to
test the ability of the clock in vitro to re-
spond to a ligand neuromodulator.

The results are clear. The SCN is reset
in vitro by physiological concentrations of
melatonin when they are applied near dusk
(CT 10 and 14); it is unresponsive at other
phases of the circadian cycle (McArthur et
al. 1989.) The rhythm of the firing rate is
phase advanced by 6 hours within the first
cycle after treatment, and the new phase is
perpetuated in the following cycle. The
temporal sensitivity is exactly what would
be predicted from in vivo work (Cassone et
al. 1988). If this result is upheld when the
specificity of the response to melatonin is
verified, it will provide definitive evidence
that melatonin acts directly at the level of
the SCN to reset the clock. Most interest-
ingly, the period of sensitivity in the rat is
at dusk, the phase of the circadian cycle
directly impinged upon by seasonal
changes in night length (Pittendrigh 1988).

FUTURE DIRECTIONS OF IN VITRO
STUDY OF THE SCN

We now are armed with the knowledge
that the elements of the clock are intrinsic
to the SCN and survive in vitro for days,
changing in a predictable way over the cir-
cadian cycle. A recent report suggests that
the distinctive morphology of the SCN is
maintained for weeks in organotypic cul-
ture (Gainer et al. 1989). This raises the
intriguing possibility that circadian func-
tions are maintained over this longer pe-
riod in vitro as well, which would enable
the researcher to collect an abundance of
information over many successive cycles.
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The organotypic slice thins as it flattens
upon the substratum, allowing individual
cells to be discerned with appropriate op-
tics while performing electrophysiological
measurements. Such technical develop-
ments as these, coupled with methods cur-
rently in hand, will provide new insights
into SCN function. Future directions of in
vitro study of the SCN are summarized in
Table 6-2.

The area that I most expect to flourish,
and which cannot be studied equivalently
in vivo, is elucidation of the intrinsic func-
tional organization of the SCN. In particu-
lar, as the tools of modern neurophysiol-
ogy are brought to bear on SCN neurons in
vitro, our understanding of the physiologi-
cal rbles of the number of neuronal types in
the SCN will grow. The nature of circuit
interactions and changes in cellular and
membrane properties of individual neurons
with circadian time will be established.
From this knowledge will come an answer
to a central question: what is the nature of
the pacemaker? Is it a property of cells or
of circuits?

At the same time, understanding of the
regulation of the SCN clock by inputs will
grow. Currently, melatonin is the only ex-
ogenous substance that has been shown to
reset multiple cycles of SCN circadian
rhythms in vitro. However, many neuro-
transmitters and modulators have been
implicated in phase-shifting organismic
rhythms in vivo (see Chapter 5). These

Table 6-2. Future Directions of Studies of
SCN In Vitro

1. Elucidation of intrinsic SCN organization

a. Roles of various types of neurons

b. Nature of circuit interactions

¢. Cell and membrane properties vs time

d. Nature of the pacemaker: cell or circuit?
2. Regulation of the clock by inputs

a. Neurotransmitter/modulator effects

b. Identification with input pathways

c¢. Transduction mechanism

d. Biochemical nature of the clock mechanism
3. Organization of SCN outputs

a. Pacemaker vs output

b. Identification of output lines
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must be tested in the in vitro system to
demonstrate that they, like melatonin, act
directly upon the SCN, rather than through
stimulating circuits that act upon the SCN
through another transmitter/modulator
system. This line of inquiry must be put
in perspective by identification of phase-
shifting ligands with afferent pathways
known to innervate the SCN.

Additionally, the mechanism by which
these neurochemical inputs are transduced
into signals that affect the clock—from the
level of second messengers to regulatory
molecules in the membrane, cytosol, and
nucleus—can be addressed through paral-
lel studies of the biochemistry and molecu-
lar biology of the SCN and physiological
studies in vitro. In this way in vitro studies
will contribute to elucidation of the most
basic question: how is a circadian clock
built out of cells and molecules?

Eventually, study of the SCN in vitro
must encompass the organization of clock
output. Do clock neurons also form output
lines? Or are other neurons driven to pro-
duce rhythmic outputs? Known output
lines will need to be identified with cells,
the physiology of which has been studied
in vitro. Thus, in vitro study must eventu-
ally lead to understanding of the SCN in its
rightful place, integrated within the central
nervous system.

The future directions of this approach
are limited only by techniques available—
nearly all of the questions we can formu-
late remain to be answered. This approach
is less than 10 years old; where we will be
after the next decade can only be imagined.
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