
nostaining with antibodies to glial fibrillary 
acidic protein (GFAP), a marker of glial 
differentiation, confirmed that astrotactin 
both conferred glial binding and induced 
glial differelltiation (Table I ) .  In control 
experiments, purified glial cells did not bind 
to untransfected 3T3 cells. These experi- 
ments delnonstrate that tlhe Inode of action 
of astrotactin is to provide a heterophilic 
ligand for glial binding. As a secondary 
effect, astrotactin appears to lnailltain the 
differentiation of glial cells. 

The lnechanisln of action of astrotactin 
seen in assays in vitro is consistent with the 
structure of the protein. EGF repeats have 
been illlplicated in cell-cell signalillg (1 1 ) ,  
suggesting that astrotactin filnctions in a 
signaling pathway that is crucial for neuron- 
glia interactions before and during migra- 
tion. Because glial cells bind to neurons and 
undergo differentiation in response to astro- 
tactin, we anticipate an astrotactin receptor 
on the glial surface. With the cloni~lg of the 
gene encoding astrotactin, at least three 
genes can be proposed to filnction in tlhe 
migration and assembly of neurons durillg 
murine cortical histogenesis: ( i )  Weaver acts 
at the earliest stage, blockillg the expression 
of a ligand needed for entry of postmitotic 
neurons into a program of gene expression 
that includes expression of astrotactin and 
T A G 1  (1 7). (ii) The  gene encoding astro- 
tactin is exoressed in initial stevs of differ- 
entiation recjuired for utilization of tlhe glial 
scaffold for lnieration and laminar forma- - 
tion. (iii) Reelin acts at later steps, during 
the arrest of locolnotion of the mieratine - - 
neuron along gllal flbers and formation of 
lleurollal layers (1 L1, 18). 
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Circadian Rhythms in Cultured 
Mammalian Retina 

Gianluca Tosi'ni and Michael Menaker* 

Many retinal functions are circadian, but in most instances the location of the clock that 
drives the rhythm is not known. Cultured neural retinas of the golden hamster (Me- 
socricetus auratus) exhibited circadian rhythms of melatonin synthesis for at least 5 days 
at 27°C. The rhythms were entrained by light cycles applied in vitro and were free-running 
in constant darkness. Retinas from hamsters homozygous for the circadian mutation tau, 
which shortens the free-running period of the circadian activity rhythm by 4 hours, showed 
a shortened free-running period of melatonin synthesis. The mammalian retina contains 
a genetically programmed circadian oscillator that regulates its synthesis of melatonin. 

Virtually all organisms have circadian 
(about 24-hour) rhythms that are driven by 
endogenous oscillators. In nonmalll~nalian 
vertebrates, circadian oscillators have been 
identified in the pineal organ ( 1  ) ,  the retina 
(2 ) ,  and tentatively the hypothalam~~s (3). 
In mammals, only the s~~prachiasmatic nu- 
cleus of the lhvoothalarn~~s (SCN) has been , L 
proven to contain circadian oscillators (4), 
a l t l~o~leh  there is indirect evidence that - 
they may exist in the retina as well (5). 

Researchers at several laboratories in- 
cluding our own have failed to delnonstrate 
circadian rhythmicity of lnelatonin synthe- 
sis in lnainrnalian retinas cultured at 37°C. 
However, because golden lhalnsters (M. au- 
ratus) are hibernators, their tissues tolerate 
lowered culture temperatures, and we there- 
fore atternvted to c~ l l t~ l re  their ne~lral reti- 
nas at a constant teruperature of 27°C. In 
chambers identical to those used for Xeno- 

Department of Boogy  and Natonal Scence Foundailon 
Center +or B~oloq~cal T~mnq ,  Unlvers~ty of ' f rq~na,  Char- 

-To v?ihom correspondence should be addressed 

SCIEKCE VOL. 272 19 APRIL 1996 

pis  retina (6), the lhalnster retinas were 
continuously perif~~sed with medium at 0.5 
ml/hour. hlledium was collected with a frac- 
tion collector at 3-hour intervals and radio- 
ilnlnunoassayed for lnelatonin (7) .  

In a 1ight:dark cycle (LD 14:10; light 
~ntensity of 1800 pW/cm2) cultured ham- 
ster retinas were robustlv rhvthlnic for the , , 
duration of the experiment ( 4  days), with 
period lengths of 24 hours and peaks of 
lnelatonin synthesis during the dark phase 
of the cycle (Fig. 1 ,  A and B);  the lhalnster 
retinas exhibited the same general pattern 
as that f o ~ m d  in the c u l t ~ ~ r e d  retina of 
Xenopus ( 2 )  and in cult~lred pineal glands 
of many nonlnalnlnalian vertebrates ( 1  ). 
In most of these other svstems, light di- , " 
rectly suppresses rnelatonin synthesis. In 
our experiments such suppression, if it oc- 
curs, is not colllplete (Fig. 2, A and B).  

The rhythm of ~nelatonin synthesis can 
be entrained in vitro (Fig. 2 ) .  Three retinas 
were cultured in a light cycle that was ad- 
vanced 7 hours frorn the cvcle of the intact 
animals, and three other ktinas were cul- 
tured in a llght cycle that was 7 ho~lrs 



Table 7. Cl~aracter~st~cs of the crcadati r17yttini of me atonti syl-thess from cult~l~ed rettias of :.!Id-type 
(anmals 1 t;;rougb 41 ancl fa/ i-?~~iatii !aiimas 5 t,?rot~g;; 8) ;;alnsters 

- - 

Mean 9atige of 
Hamster meatonin ~nelatol-in va ~les  
nutmiser re ease (pg,',?our). 

(pg,ml) ~n~n~m~~i-?-n‘ax~nium 

1 52.1 0-1 59 
2 82.0 i1-238 
3 60.7 16-1 50 
L 56.L 0-1 56 

Average perocl of \,.!I d-type retnas 

5 52.7 14->27 21 .I 
6 51.2 12-1 89 20.0 
7 54 6 20-1 06 22.1 
5 60 4 18-158 21 7 

Average peroci of ;au mutant retiias 21 22 :20 17)- 

'Average fl.ee-rul-ing perccl cf I-tact sin-als' loccn-otor ri-ytl-11ns see text) 

Fig. 1, (A) Averace mel- 100 
- l O 0 1  - --i 

atol-I- synthess (i- a 5 801A 9 I 
8O;B SEMI by f o ~ ~ r  \,.!ci-type - k 

i9amster neura l e t ~ ~ a s  $ g 60 w 1 
1 d 

60 ' 
c~~liure~l nc~\~~dcla I \  I -  a '- .gz 40 *, 7 , 7 1  lght cark cycle (black 40 1 

+ . t* 
aiic \+ hie b a ~ s  at 27'C 3 20 , ,A' y - e o P  

7etnas ~ ( e l e  ~ei-?o\~ecl 2 I 0 2 - - -  
ant place~ ti cult~lre 3 

* -- 0 
0 24 48 72 96 Mid-l~aht a: Mid dark 

tiou~s befole the f11st Hours in culture 
pont on the grapli. 7176 
glit cycle to whc'i the retnas \%!ere exposed was ~clent~cal [except for ntenst),, wlic- \?!as 1 SO0 p\:\l'cm2 
In the culture chamber I 7 1 )  ancl 300 L~dli'J,'cr"n the anmal's cage] \?!t,- the iglit cycle to which the anmas 
-ad been exposecl pre\~ousI)/, (B) Average ~nid-light ancl ti-~d-clark lneatonn values (i- SEM) from tlie 
clata set in [A). There s a sgnif~cant clfference [P 4 0.01). The micl-ght values are above the mit of 
cletectabil~t)~ of the assay (clotted line). 

Hours in culture 

Fig. 2. Entrainment of retna meatonin s)/ntiiesis 
by lght in v~tro. Tliree \!~!lcI-t)~pe liamsters \%!ere 
-eld on LD 14.1 0 ancl klecl In the mddle of tlie 
ig,-t. Neural retnas were cult~lred at 27'C In two 
cl~ferent gilt c)~cles: 1:A) Ret~nas fror tlie r~ght 
e)/es \%!ere p,-ase-advancecl by 7 -oLlrs reatve to 
the previous c)/cle ancl [B) retnas from t,-e eft 
e)/es were pliase-deayecl b)/ 7 -ours relative to 
the prevous c)/cle for tliree c)~cles and tlien re- 
leased nto DD lbacx and \vhite bars) lnd~i~~clual 
curves for each of t,-e sx  retinas are plotted. The 
g - t  titens~t)/ n tills exper~ment :3000 I~\:\lcm2) 
does ,-ot completely suppress meatonn synt,-e- 
sis by t,-e retna. 

delayed. \X;l~en they \\ere released into con- 
stant Liarl<ness three cyclcs later, the mela- 
tonin peaks of the two groups \\ere roi~glily 
In antiyliase. 

In constant iiarli~iess (DL)), the rliythms ot 
melatoliln syntliesls by culti~reil lianister reti- 
iias persisted fiir tlie duration af our experi- 
ments (five tii six clrcadlan cycles), demon- 
stratlng that thls mammallali retliia contains 
one or more circadia~i clocks that fil~iction 
~nLiepenclently iif the SCN (Fig. 3, .A through 
C). Tlie pcrlods of tlie retinal rhythms reflect- 
ed the penot>pe of the animals from nhlch 
the retillas were dsrived (Table 1 and Fig. 3 ) ;  
ret~nas from n-ild-[\-ye hamsters hail periods 
ranging trom 23.5 to 24.5 hours (a~wage,  23.9 
hours), \\hereas retinas from hamsters ho- 
111o:ygous fix the tali gene had perloLis ranging 
fro111 22.2 to 22.1 houn (axrage, 2 1.2 hours). 
Tlie period of the locolnator acti~.ity rli>-tlim 
ot n.llLi-type hamsters in our laboratory a\-er- 
aged 23.99 lioiln (average of 72 animals), 
n.herea> that ot toil mutants axraged 32.1; 
hours (average of 53 animals). Tlie retllial 
clocl, i?f the golden hamster therefore tl~lt~lls 
all tlie iiiaior criteria tliat detlne circadiaii 
oscillators: ii) It can be entraineLi; (11) it 1.; 
free-ri~nning under constant co~iilitions; and 
(iii) because ~ t s  period is still in the c~rcailian 
range at 37"C, it mi~st 1.e teml3erature-com1- 

Time (hours) 

Fig. 3. Rhythms of i-?elatonn synthess from sn-  
g e tieural remas of (A) 1v01Ic-type anci (B) homozy- 
gous Tau mutant ,?alnsters cultc~recl at 27'C I -  

c o ~ s t a ~ t  darkness. (CI Free-rut-I-11-g rhytlims of 
me atonn syntbess by v!ci-type ape1 Tau mutatit 
retinas. The ciata (mean ? SEh.4) are from foclf 
\v!Id-t)~pe -amster retnas (open circles) ancl four 
lioroz)/gous mutant liamster retnas (fiecl clr- 
cles), and t,-e two clata sets \!:ere norlnazed to 
tlie tme of tlie first peak [see also Table 1). 

yensated. Thus, ll~arnlllals ha1.e at least t\vo 
clrcadiaii oscillators, one In the SCN and one 
in the retlna. 

In our earlier n-ork we establisheii that 
tlie perioii of tlie circadiali oscillator uitliln 
tlie S C S  1s modifieLi by tlie toll gene (8). 
The res~llts presented here denlollstrate that 
tliis gene also luodlfies tlie period of tlie 
circacilali oscillator n-lthin tlie retina. Al- 
thougli as yet we cio not kno~v the molecu- 
lar basis of this gene's effects, it milst act on 
a general clrcadiall process rather than on a 
specific propert>- of tlic SCN. 

Our resillts demonstrate dlrectly that ( i )  
the lisilral retllia of a ilialllmal synt11esi:es 
melatonin; (ii) a luanill~aliali retina con- 
tams one or more circaciian oscillators that 
regulate melatonin s\.ntliesis and perhaps 
otlisr retinal processes as nell; (111) tliese 
clrcaiiiali oscillators can he elltraineLi dl- 
rectl\- bl- light c\-cles; and (iv) tlie period of 
the retinal circadian oscillators is intlu- 
enced 1.y the tail gene in the same way tliat 
t l i~s  gene ~nt l i~ences the period of tlie cir- 
caiilan oscillators 111 tlie SCN. Our data 
leave ope11 tlie qilestion of n-hetlier retliial 
ilielatoinln synthesis in mammals, llke that 
111 p11otosenslt11-e pineals of lioiiiliammallan 
1-ertebrates, can be illrectly suppressed by 
light. 



Requirement for a-CaMKII in 
Experience-Dependent Plasticity 

of the Barrel Cortex 
Stanislaw Glazewski,* Chuan-Min Chen, Alcino Silva, Kevin Foxf 

The mammalian sensory neocortex exhibits experience-dependent plasticity such that 
neurons modify their response properties according to changes in sensory experience. 
The synaptic plasticity mechanism of long-term potentiation requiring calcium-calmod-
ulin-dependent kinase type II (CaMKII) could underlie experience-dependent plasticity. 
Plasticity in adult mice can be induced by changes in the patterns of tactile input to the 
barrel cortex. This response is strongly depressed in adult mice that lack the gene 
encoding a-CaMKII, although adolescent animals are unaffected. Thus, a-CaMKII is 
necessary either for the induction or for the expression of plasticity in adult mice. 

There are numerous reports of melato
nin rhythmically synthesized by cultured 
pineal glands of nonmammalian vertebrates 
(1), and we have recently detected rhyth
mic melatonin synthesis in the cultured 
retinas and parietal eyes of the lizard Iguana 
iguana and in cultured retinas of lamprey 
{Petromyzon marinus) (9). Taken together, 
these observations suggest that all organized 
vertebrate photoreceptive structures syn
thesize melatonin under the control of cir-
cadian oscillators. It is an obvious corollary 
of this hypothesis that melatonin, and more 
specifically, circadian rhythmicity of mela
tonin level, is essential for normal photore
ceptor function. 
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In mammals, the somatosensory cortex con
tains a complete map of the body surface. 
The map is capable of undergoing functional 
reorganization in response to manipulations 
of the periphery (1, 2). In rodents, experi
ence of the world through a single whisker, 
rather than the normal array of five rows of 
whiskers, results in increased representation 
of the spared vibrissa in the cortex (3, 4). 
Vibrissa deprivation plasticity has a number 
of properties in common with ocular domi
nance plasticity in the visual cortex, includ
ing a critical period for plasticity within cor

tical layer IV and a longer period for plastic
ity in layers II and III (4, 5). 

The molecular mechanisms that under
lie experience-dependent plasticity remain 
unclear. Plasticity could be achieved if a 
molecular switch, such as an autophospho-
rylating kinase, were located at the synapse 
(6, 7). The abundant postsynaptic protein 
calcium-calmodulin-dependent kinase type 
II (CaMKII) has the appropriate properties 
(7, 8). Indeed, some forms of synaptic plas
ticity, such as long-term potentiation (LTP) 
in the hippocampus, are dependent on 

Fig. 1. Plasticity in normal adult mouse 
neocortex induced by vibrissa depriva
tion. (A and B) Pooled data for cells 
recorded in barrel columns immediate
ly surrounding D1. In undeprived mice 
(hatched bars, 95 neurons) the VDH 
(76) was biased toward the principal 
vibrissa (P), and most cells showed no 
response to the D1 vibrissa. After dep
rivation (black bars, 118 neurons), the 
distribution shifted toward the spared 
vibrissa (D1) in layers II and III (A), such 
that 32% of neurons showed greater 
responses to D1 than to the principal 
vibrissa, The effect was less pro
nounced in layer IV (B), where 50% still 
showed no response to D1. The WVDI 
estimates variations in VDHs between 
animals (16) and changed significantly 
for cells in layers II and III after depriva
tion (A) (control mean ± SD = 0.11 ± 0.09; deprived mean = 0.51 ± 0.19, P < 0.05, t test) but not for 
cells in layer IV (B) (control mean = 0.10 ± 0.09; deprived mean = 0.17 ± 0.14, P-> 0.1, t test). (C and 
D) The absolute response magnitude is plotted for three vibrissa types.; the spared D1 vibrissa (solid bars), 
deprived principal vibrissa (wide hatch marks), and deprived surround receptive field vibrissa (narrow 
hatch marks) (16). In layers II and III (C), the average D1 response magnitude increased almost threefold 
with deprivation (control mean ± SD = 0.37 ± 0.29 spikes per stimulus; deprived mean = 1.1 ± 0.47) 
[ANOVA, F(1,14) = 6.5, P = 0.024]. The average principal vibrissa response did not change significantly 
(control = 1.57 ± 0.19; deprived = 1.46 ± 0.58) [F(1,14) = 0.80, P = 0.38] nor did responses of surround 
vibrissae (control = 0.41 ± 0.23 and deprived = 0.26 ± 0.17) [F(1,13) = 2.5, P = 0.14]. In layer IV (D), 
deprivation did not cause a change in the principal vibrissa response (control mean = 1.98 ± 0.49 spikes 
per stimulus; deprived mean = 1.98 ± 0.77). But there was a small but significant increase in the D1 
vibrissa response (control mean ± SD = 0.22 ±0.15; deprived mean = 0.48 ± 0.20) [F(1,13) = 8.4, P 
= 0.013], although no significant change in the surround deprived vibrissa response (control mean = 
0.23 ± 0.23; deprived mean = 0.42 ± 0.54) [F(1,11) = 0.55, P = 0.47). The histograms show means and 
standard errors calculated across animals. 

0 0,1 0.2 0.3 0.4 0.50.6 0.7 0,8 0,9-1.0 
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