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Immortal Time: Circadian Clock
Properties of Rat
Suprachiasmatic Cell Lines

David . Earnest,* Fong-Qi Liang, Matt Ratcliff,
Vincent M. Cassone

Cell lines derived from the rat suprachiasmatic nucleus (SCN) were screened for
circadian clock properties distinctive of the SCN in situ. Immortalized SCN cells
generated robust rhythms in uptake of the metabolic marker 2-deoxyglucose
and in their content of neurotrophins. The phase relationship between these
rhythms in vitro was identical to that exhibited by the SCN in vivo. Trans-
plantation of SCN cell lines, but not mesencephalic or fibroblast lines, restored
the circadian activity rhythm in arrhythmic, SCN-lesioned rats. Thus, distinctive
oscillator, pacemaker, and clock properties of the SCN are not only retained but
also maintained in an appropriate circadian phase relationship by immortalized

SCN progenitors.

Recent progress has unveiled the identities
and distribution of putative molecular com-
ponents of the mammalian circadian clock.
Orthologs of the Drosophila period gene,
mPerl, mPer2, and mPer3, and the mouse
Clock gene express transcripts that are local-
ized and regulated by light within the known
site of the circadian pacemaker in the hypo-
thalamic SCN (/-53). However, the distribu-
tion and circadian expression of transcripts
encoded by these genes are not restricted to
the SCN-or to known components ot the
vertebrate clock (2, 6, 7). The widespread
spatial pattern of molecular oscillations leads
to at least two critical questions: Is the oscil-
latory behavior of clock-related genes in pe-
ripheral, nonclock tissues strictly indicative
of their function as components of the circa-
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dian pacemaker mechanism, and if rthythmic-
ity in the periphery persists independent of
SCN regulation, then what is the function of
these molecular oscillations within the SCN?
In essence, what specific properties distin-
guish an “oscillator,” a “pacemaker,” and a
“clock™?

To explore this issue, we generated im-
mortal cell lines from the anlage of the rat
SCN. Similar to other neural cell lines, im-
mortalized SCN cells are characterized by the
conservation of many biochemical properties
that distinguish mature parental cell types.
For example, these lines express neurotro-
phins and neuropeptides found within the
SCN in vivo (8). If immortalized SCN pro-
genitors also retain the distinctive functional
properties of the SCN, then indices of their
cellular activity should oscillate with a circa-
dian periodicity and recovery of circadian
behavioral rhythmicity should occur after
their transplantation into arrhythmic, SCN-
lesioned animals.

Because rhythmic utilization of 2-deoxyglu-
cose (2-DG) is a well-documented circadian
property of SCN activity (9, /0), immortalized

glucose utilization and neuro-
trophin expression in confluent
cultures of SCN2.2 cells (N =
5). (A) 2-DG (solid line, ) up- =  s0
take and conversion to 2-DG- £
6P (dashed line, O). (B) BDNF
(solid line, M) and NT-3
(dashed line, O) content. Sym-
bols denote mean (=SEM) de-
terminations at 4-hour intervals.
Asterisks indicate sampling in- 20
tervals in (A), during which 2-DG
and 2-DG-6P values were signif-
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cells were assessed for evidence of oscillatory
behavior in this index of cellular metabolism
(11). The capacity of immortalized cells to gen-
erate circadian rhythms in the expression of
brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3) was also examined con-
currently (/2) because these neurotrophins are
found in the SCN and BDNF levels oscillate on
a circadian basis in vivo (/3, 14). Glucose
utilization in immortalized SCN cells was char-
acterized by robust circadian rhythmicity in
both the uptake of 2-DG and phosphorylation to
2-DG-6-phosphate (2-DG-6P) for two cycles in
vitro (Fig. 1A). Throughout both cycles, 2-DG-
6P concentrations were consistently maintained
at 70 to 80% of the values for 2-DG uptake. The
circadian profiles of 2-DG and 2-DG-6P con-
centrations in immortalized cells were contem-
poraneous, with peak values at 68 and 92 hours
after plating of the cultures. Maximal concen-
trations of 2-DG and 2-DG-6P were two to
three times greater than the corresponding min-
imum for both rhythms. In contrast to the rhyth-
mic profiles of 2-DG uptake and 2-DG-6P con-
centrations, accumulation of labeled free 2-DG
and glycogen remained at constant basal con-
centrations in immortalized cells. SCN2.2 cells
also exhibited circadian fluctuations in BDNF
and NT-3 content, with a three- to sixfold dif-
ference between peak and minimum levels of
these neurotrophins (Fig. 1B). The circadian
patterns of BDNF and NT-3 content were ex-
pressed in an inverse phase relationship; when
BDNF content reached peak values, NT-3 lev-
els were near their minimum. The circadian
maxima in NT-3 content recurred 8 hours in
advance of the rhythmic crest in BDNF levels.
Despite the differences in their circadian pro-
files, the rhythms in glucose utilization and
neurotrophin expression were invariably locked
in the same phase relationship with regard to
each other and the time of plating across differ-
ent experiments. On three separate occasions,
the inaugural crests in NT-3 and BDNF levels
and glucose utilization occurred at 48, 56, and
68 hours, respectively, after cell plating, with
recurrent peaks every 24 hours thereafter. The
12-hour antiphase relationship between the
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during which peak values for BDNF and NT-3 content were significantly greater (P < 0.05) than the three succeeding minima.
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rhythms of glucose utilization and BDNF con-
tent in immortalized SCN cells is similar to that
observed in the SCN in vivo; the rat SCN is
characterized by maximal 2-DG uptake at cir-
cadian time (CT) 6 (9) and peak BDNF content
around CT 18 (/4). Any potential association
between the growth cycle and oscillatory be-
havior of SCN2.2 cells is unlikely because their
generation time of 28 hours is distinctly longer
than the circadian periodicity of the glucose
utilization and neurotrophin rhythms. Further-
more, this cell line is distinguished by the arrest
of proliferative activity and DNA synthesis
upon establishment of contact between neigh-
boring cells in confluent cultures ().

The neural transplantation technique was
also used to examine circadian pacemaker and
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clock properties of SCN2.2 cells in vivo (15). In
these experiments, immortalized cells were
grafted near the ablation site in SCN-lesioned
rats exhibiting arrhythmicity or ultradian
thythms in their wheel-running activity for at
least 6 weeks (N = 10). The circadian rhythm
of wheel-running behavior was restored within
4 to 10 days after transplantation in five of the
arrhythmic hosts receiving SCN2.2 cell grafts
(Fig. 2A). In these animals, the free-running
period of the restored rhythms (mean =
24.02 = 0.02 hours) was typically shorter than
that observed before ablation of the SCN
(mean = 24.12 * 0.09 hours). Complete de-
struction of the host SCN was confirmed by the
absence of immunostaining for vasoactive in-
testinal polypeptide (VIP), gastrin-releasing
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Fig. 2. (A) Restoration of circadian wheel-running activity in two SCN-lesioned rats by grafted
SCN2.2 cells. In both intact hosts, the endogenous period of the activity rhythm was 24.1 hours in
constant dim illumination. The activity patterns were rendered arrhythmic by bilateral SCN
ablation (SCNx), and circadian rhythmicity (period = 24.0 hours} was later restored in both animals
by SCN2.2 cell grafts. (B) Activity records of two lesioned, arrhythmic rats receiving grafts of NIH
373 cells. Intact hosts exhibited activity rhythms with periods of 24.1 and 24.0 hours. Activity
rhythms of both animals were abolished by SCN lesions, and this arrhythmicity persisted after
transplantation of NIH 3T3 cells. Periodogram analyses of the data during the last 15 to 25 days
of the intact, lesioned, and grafted intervals are shown on the right of each record.

peptide (GRP), and arginine vasopressin (AVP)
(16). Functional correlates of SCN2.2 cell
grafts in promoting the recovery of circadian
rhythmicity were correlated with graft viability
and the expression of SCN-like phenotype. An-
imals with restored circadian behavior were
distinguished by viable grafts expressing neu-
ropeptides or neurotrophins found in the SCN
in vivo (13, 17). These SCN2.2 cell grafts were
located in the host third ventricle region as a
single aggregate containing small clusters of
VIP-, GRP-, AVP-, or BDNF-immunopositive
perikarya (Fig. 3). In contrast, immortalized cell
grafts that failed to restore circadian rhythmic-
ity in the remaining SCN-lesioned rats (N = 5)
were characterized by low cell survival or were
devoid of SCN-like elements. The restoration
of circadian wheel-running behavior was not
observed in SCN-lesioned animals that re-
ceived control transplants of either E1A-im-
mortalized mesencephalic cells (N = 6) or NIH
3T3 fibroblasts (N = 6; Fig. 2B), although
viable grafts were confirmed in subsequent his-
tological analysis.

Like other cell lines (7) and many periph-
eral insect and mammalian tissues (6, /8), our
immortalized cells derived from the SCN gen-
erate circadian rhythms in vitro and thus will be
valuable in studying the molecular mechanisms
for circadian oscillations. However, our immor-
talized SCN cells are distinguished by their
capacity to confer rhythmicity to the organism,
similar to the circadian pacemaker function of
the SCN in vivo. These results underscore fun-
damental distinctions between a circadian os-
cillator and clock. Whereas an “oscillator” is

Fig. 3. Photomicrographs depicting immunocy-
tochemical localization of VIP (A) and GRP (B)
in transplanted SCN2.2 cells located within the
third ventricle of an SCN-lesioned host. Arrows
delineate graft location.
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merely a device that oscillates, a “clock” repre-
sents “[a]ny instrument for measuring or indi-
cating time” and a “pacemaker” is defined as a
process or substance that “regulates” the timing
of other events (/9). Although the capacity to
oscillate is a widely distributed property, the
restoration of circadian rhythmicity in SCN-
lesioned, arrhythmic hosts by immortalized
SCN cells but not NIH 3T3 mouse fibroblasts
implies that only oscillators derived from the
SCN act as pacemakers and have the capability
to impose their rhythmicity on mammalian be-
havior. How these oscillators in the SCN drive
rhythms in behavior is unclear at this point, but
there is increasing evidence indicating that the
SCN secretes a diffusible factor that at least in
part contributes to this rhythmic efflux (20).
Perhaps one of these factors is a neurotrophin
such as BDNF or NT-3, based on their rhyth-
mic expression in immortalized SCN cells and
the SCN in vivo (/4).
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Horizontal Propagation of
Visual Activity in the Synaptic
Integration Field of Area 17
Neurons

Vincent Bringuier,* Frédéric Chavane, Larry Glaeser,
Yves Frégnact

The receptive field of a visual neuron is classically defined as the region of space
(or retina) where a visual stimulus evokes a change in its firing activity. At the
cortical level, a challenging issue concerns the roles of feedforward, local
recurrent, intracortical, and cortico-cortical feedback connectivity in receptive
field properties. Intracellular recordings in cat area 17 showed that the visually
evoked synaptic integration field extends over a much larger area than that
established on the basis of spike activity. Synaptic depolarizing responses to
stimuli flashed at increasing distances from the center of the receptive field
decreased in strength, whereas their onset latency increased. These findings
suggest that subthreshold responses in the unresponsive region surrounding the
classical discharge field result from the integration of visual activation waves
spread by slowly conducting horizontal axons within primary visual cortex.

The average size of the minimal discharge
field (MDF) in area 17 neurons is ~2° of
visual angle (for the representation near the
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area centralis) when it is mapped with a small

spot or slit of light (/, 2). The strength of the
spiking response results from the amplifica-

tion of the feedforward thalamo-cortical drive
by a local recurrent intracortical loop that

_ preserves the retinotopic mapping of visual

input onto cortex (/, 3). However, firing re-
sponses to stimuli presented within the MDF
can also be modulated by the concomitant
stimulation of its surround, over a region up
to 10° of relative eccentricity (4, 5). These
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