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

Recent progress has ua\eiled the identities 
and distribution of putatil-e molecular c o n -  
po~lents of the mammalian circaclia~l clock. 
Ol tholog~ of the D I ' ( J Y ( I / J / I ~ / ( ~  pei.iod gene. 
mPei.1. 111Pe1.2. and 111Pt'i.3. and the  nou use 
CI'UC/< gene express transcripts that are local- 
ized and regulated by light n ithin the lcnoxxn 
site of the circadian ~~acemalter in the llypo- 
tllalamic SCN (1-5). Ho\~.e\.er. the distrihu- 
tion and circadian expression of tra~lscripts 
encoded b j  these genes are not restricted to 
the SCN or to k11on11 conlpo~le~lts of tlle 
I ertebrate clock (-7. 6. '). The aidespread 
spatial pattern of molecular oscillations leads 
to at least tn-o critical cluestions: 1s the oscil- 
lator!. heha! ior of clock-related genes in pe- 
r i~lleral .  noncloclt tissues strictly indicatile 
of their fi~nction as compo~lents of the circa- 
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dial1 pacemalter mccl~aaism. and if rhythmic- 
ity in the periphery persists independent of 
SCN regulation, then n-hat is the fu~lctioll of 
these molecular oscillatiolls n.it11in the SCN? 
In cssence. n.hat specific properties distin- 
guish an "oscillator." a "pacemalter." and a 
"clocl<"? 

To explore this issue. we generated im- 
mortal cell lines from the anlage of the rat 
SCN. Similar to other neural cell lines. im- 
mcrtalized SCN cells are characterized bq the 
censer\ ation of many biocl~emical propelties 
that distinguish lnature parental cell types. 
For example, these lines express neurotro- 
pllins and neuropeptidcs found within the 
SCN i11 x-il-o ( 8 ) .  If i~nnlortalized SCN pro- 
genitors also retain the distinctix e fi~nctional 
properties of the SCN. then indices of their 
cellular actix ity should oscillate \\.it11 a circa- 
dian periodicity and recovery of circadian 
beha\ ioral rhj  thmicity should occur after 
their rransplantatio~l illto a1~11yt11111ic. SCT-  
lesioned aaimals. 

Because rllytlunic utilization of 2-dcoxyglu- 
cosc (2-DG) is a n ell-documented circadian 
propest> of SCK actil-ity (9. :O) .  inullortalized 

cells ue le  assessed for e\~dence of osc~llatosy 
behavior in this index of cellular ~lletabolisln 
( I  I ) .  The capacity of i~nn~o~ta l ized  cells to gem 
erate circadian rl~>thins in the expression of 
brain-derived neurotropl~ic factor (BDNF) and 
i~eiuotrophin-3 (NT-3) was also examined con- 
currently (12) because these neurotropllins are 
fou~ld in the SCN and BDNF levels oscillate on 
a circadian basis in vivo (13. 14). Glucose 
utilization in i~nnlortalized SCT cells was char- 
acterized by robust circadian rhytllmicity ill 

both the uptalce of 2-DG and pllospllo~ylation to 
2-DG-6-pl~ospllate (2-DG-6P) for two cycles in 
viti.0 (Fig. 1A). Througl~out both cycles. 2-DG- 
6P conceatrations \vere collsiste~ltly ~naintai~led 
at 70 to 80% of the \.slues for 2-DG uptake. T11e 
circadian profiles of 2-DG and 2-DG-6P con- 
centrations in i~nmortalized cells \yere contem- 
poraneous. with peak values at 68 and 92 hours 
after plating of the cultures. Maxirnal concen- 
trations of 2-DG and 2-DG-6P were t\+o to 
tlxee tinles greater than the corresponding min- 
i11li11ll for both rhythms. I11 contrast to the rhg-th- 
lnic profiles of 2-DG uptake and 2-DG-6P coa- 
centrations, acci~nulation of labeled f?ee 2-DG 
and glycogen remained at constant basal con- 
centrations in i~lunoltalized cells. SCN2.2 cells 
also exhibited circadia~l fluch~atiolls in BDYF 
and NT-3 co~ltent. lvith a three- to sixfold dif- 
ference bebeen peak and minimum levels of 
these newoRophins (Fig. 1B). The circadian 
patterns of BDNF and NT-3 coiltent \Yere ex- 
pressed in an im erse phase relationship; \vlle11 
BDNF content reached peak values, NT-3 lev- 
21s were near their minimum. Tile circadian 
~llaxinla in NT-3 content retuned 8 llours in 
ad\ ante of the rllytl~inic crest in BDNF levels. 
Despite the differences in their circadian pro- 
files. the rllytlms in glucose utilizatio~l and 
newotropl~ia expression were invaliably locl<ed 
in the same phase relationship with regard to 
each other and the time of plating across differ- 
ent experiments. On three separate occasions. 
the ii~augural crests in NT-3 and BDSF levels 
and glucose utilization occulsed at 48. 56. and 
68 llours. respectively. after cell plating. ~vitll 
recurrent peal<s ever\. 24 hours tl~ereafter. The 
12-hour antiphase relationship bemeen the 

Fig. 1. Circadian patterns of A B * 
glucose utilization and neuro- T 1 8 0  

trophin expression in confluent 
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* 
cultures of SCN2.2 cells (N = 

take and conversion to  2-DG- ,< $ 
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bols denote mean (iSEM) de- 2 & .'O 
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tervals in (A), during which 2-DG 
and 2-DG-6P values were signif- 
icantly greater (P < 0.05) than 
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those observed during the three Time in Culture Timc in Cultorc 
preceding intervals, and in (B), 
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 (14). 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 (8). 

The neural transplantation technique was 
also used to examine circadian pacemaker and 

clock properties of SCN2.2 cells in vivo (IS). In 
these experiments, immortalized cells were 
grafted near the ablation site in SCN-lesioned 
rats exhibiting arrhythmicity or ultradian 
rhythms 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 t 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 

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 
3T3 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, 18), 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 h- 
damental distinctions between a circadian os- 
cillator and clock. Whereas an "oscillator" is 

Fig. 3. Photomicrographs depicting immunocy- 
tochemical localization of VIP (A) and CRP (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 "[alny instrument for measuring or indi- 
cating time" and a "pacemaker" is defined as a 
process or substance that "regulates" the timing 
of other events (19). 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 dive 
rhythms in behavior is unclear at this point, but 
there is increasing evidence indicating that the 
SCN secretes a difhsible 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 (14). 
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Horizontal Propagation of 
Visual Activity in the Synaptic 

Integration Field of Area 17 
Neurons 
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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. lntracellular 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 area centralis) when it is mapped with a small 
field (MDF) in area 17 neurons is -2" of spot or slit of light (1, 2). The strength of the 
visual angle (for the representation near the spiking response results from the amplifica- 

tion of the feedforward thalamo-cortical d r i ~ e  
by a local recurrent intracortical loop that 

Equipe Cognisciences, lnst i tut  Alfred Fessard, CNRS, preserves the retinotopic mapping of visual 
Avenue de la Terrasse, 91 198 Gif-sur-Yvette, France, onto cortex 3,, However, firing re- 

\ '  , , - 
*Present address: Neurobiology Division, Medical Re- sponses to stimuli presented within the MDF 
search Council LMB, 2 Hills Road, Cambridge CBZZQH, can also be modulated bv the , ,,, 
UK.  

,,,,horn correspondence should be E- stimulation of its surround. over a region up 
mail: yves.fregnac@iaf.cnrs-gif.fr to 10' of relative eccentricity (4. 5) .  These 
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