
13.4 hy a 11~1111;111 influenza '4 virus could 
make a virus lethal (16). It relnalns to he 
bhcnvn ~vhether gene segments other than 
the H.4 may also h,lve contrih~iteii to the 
,~hllity of the virus to infect a llum,ln. 

'4 nallde~nlc ot intluenza could beun  
mlth isolated c,lses, In rvhich avian or 
srvine intluenz,~ viruses adapt to human 
llohts or, over time, genetically reassort 
~v l th  circulatlnp human intluen:,~ '4 virus- 
es, or it co~ilii hegin as a r,lpid and explo- 
sive spread of a paniiemic vlrus deriveii 
from a reassortment event In an interme- 
iiiate ho\t.  Increased \urveillance e th r t s  
have been initiated to ldentlfy (other cases 
of illnehh ,~ssociated rvith intl~ienza '4 
( H j N 1 )  viruses. In aiiiiition, serosurveys 
are ~ i l ~ d e r  \yay in an effort to iiientify 
,~svmntomatic or nlild clilllcal i11fectii)lls 
in the reg1011 'mil aubst,lntl,lte the pre\ io~is 
r e p r t  ot seroprex alence to H i  \ lruaea ( 3 )  
These studle\ ma\ iletermme \\hether H5 
\ ~ r u s e j  \~mllar  to A/Honp Konp/l56/97 
are circulating in the human population 
and if the isolation of the A/Hong Kong/ 
156197 virus 1s the tlrst .;rep in the recog- 
lll t lol~ of an influenza '4 virus mlth p,ln- 
iienllc potential or Lvhether this case is 
sl~nply an ~solated event. 

Notc &ed in proof: Since the sulimission 
of thls report, there h,lve heen 12 addltlonal 
col~flrl~leil 11~1111;111 C ~ S C S  ut ~ntluel~:;~ '4 
(HSN 1 ) mfcctions in Hong Kong, incluii- 
ing tllree fatalltic.;. Sequence analysis of the 
genes of six ot the 1so1,ltes revealed th,lt ,111 
of the genes are of avian origin and are 
clo.;ely related to e,lch other. The H A  gene 
coiies fur a multlple h,lsic amino ,~clii inaer- 
tlon upstrem~ of the cleavage site, ,~saociat- 
ed with highly pathogenic avim intluenza 
viruses and ~dentic,ll to that seen in the 
A/Hong Kong/l 56/97 vlrus. 
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Extraocular Circadian Phototransduction 
in Humans 

Scott S. Campbell* and Patricia J. Murphy 

Physiological and behavioral rhythms are governed by an endogenous circadian clock. 
The response of the human circadian clock to extraocular light exposure was monitored 
by measurement of body temperature and melatonin concentrations throughout 
the circadian cycle before and after light pulses presented to the popliteal region (behind 
the knee). A systematic relation was found between the timing of the light pulse and the 
magnitude and direction of phase shifts, resulting in the generation of a phase response 
curve. These findings challenge the belief that mammals are incapable of extraretinal 
circadian phototransduction and have implicationsfor thedevelopment of more effective 
treatments for sleep and circadian rhythm disorders. 

Circadian rhythms are endogenously gen- 
erated oscillations ot ,lhout 24 hours that 
provliie te~nporal structure to a \vide rmge 
ot liehavlor,ll and physiologic,ll tunctions. 
B ~ C ~ L I S C  the endogenouh clock teniis to run 
, ~ t  ,I perloii close to hut not ex,lctly 24 hours, 
,I daily adlustmmt, usually hy the natur'll 
11ght-dark cycle, is required to synchronize 
or entr'lm circaiiian rhythm\ to the external 
environment. Many vertebrate anil nonver- 
tehrate specle.; h,lve multiple photc>receptor 

~ l i  12111 entraln- syhtem.; through \vluch circ, 1 '  
ment may he achieved (1-3). In the house 
sp;lrrom., for example, three dlscrete input 
pathways for llgllt to , ~ c t  on the clrcaillan 
system have heen identlfled (4) .  Slmllarly, a 
number of fish, amphlblan, and reptile spe- 
cies have extraocular and extrapmeal path- 
n.,lys fur clrcad1,ln llght transduction (5). 

Tlle photoreceptors responslhle tor en- 
training the mamrnali,ln hlologlcal clock 
may not he the same cells th,lt mediate 
vision (6) .  Mice homozygo~is for the autoso- 
ma1 recesslye allele rd (retinally degenerate), 
\vhicll 11,lve no electropl~ys~ologic,ll or he- 
havic~rdl visu,ll responses tc] light, c,ln lie 
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entrained to a light-d,lrk cycle (7). Likervise, 
bright light suppresses melatonin output In 
some totally hlind hum'lns, despite the f,lct 
that they 11,lve no conscious light perception 
and no p~ipillary light reflex (8). Such find- 
ings support the hypothesis that all verte- 
lirates, ~ncludlng mamm,lls, have specl,llizeii 
nonvisual photoreceptors that meiii,lte clrc;l- 
dian resnonses to the licht-iiark cycle. It 1.; 
gener,llly assumed, ho\vever, that non\,lwal 
clrcaillan i~llc'toreceptors 111 m,lmm;ll. re.iLlr 
\vltlun the retin,~, ,lnii that m,11111nal\ do not 
have the cap,lclty tin cxtr,iocular clrcaiilan 
photoreceptlol~ (1 . 2 .  9).  This conclusion 1s 
bawd on st~idles sho\vlng a falure of several 
rodent species to entram to (3 lyht-dark cycle 
or to respond to pulse\ of liillit mlth \l~ltrs In 
circadian ph,l.;e ,liter complete optic enucle- 
ation (12). 111 additLon, Czeisler , ~ n d  co- 
\vorkers fo~ind an ,~hhence of l1:ht-induced 
melatonin stippresslon durlng ocul,lr shield- 
ing In t ~ v o  indlvld~ials \vho dld sho\v suppres- 
sion ~vhen llght fell on their eyes (8). '4 
decade earller, Wehr and co-worker.; report- 
ed a lack ot clmlc,ll response in seasonal 
affective dlsorder ~vhen  patients' skln (Lice, 
neck, arms, legs) \vas expo.;eii to a bright 
light stim~il~ih ~vhlle their eyes were shlrlded 
( 1  1).  However, In that study, no physiolog- 
~ c a l  measures of light response, such as mel- 



sponse, \\ere ohtaineii. 
Here \\e oresent restilts that iiemonatrate 

that the human circadian response to light 
can he nlediated through an extraocular 
route. A total of 33 phase-shifting trials n.ere 
carried out in 15 healthy individuals (mean 
age, 35.7 years; range, 22 to 67 years; 13 
males, 2 females) (12). Each laboratory ses- 
sion lasteii for four consecutive days and 
nights, during rvhich the participants mere 
assigned randomly to either a control or an 
active condition. Successive lahoratorv visits 
\Yere separated hy at least 10 days. ~ u r i n g  
the active sessions (phase delay, n = 13; 
phase advance, n = 1 I ) ,  light rvas presented 
at various times relative to the haseline cir- 
cadian phase, in order to exanline phase 
response throughout the circadian cycle. 
The extraocular light stimulus consisteii of a 
3-hour pulse of light presented to the popli- 
teal region, the area directly liehind the knee 
joint (13). The stimulus \vas presented in 
amhient light of less than 20 lux. Through- 
out their stay in the lahoratory, when not 
sleeping and not involved in the experimen- 
tal light manip~ilation, participants were in 
constant illumination of less than 50 lux. 

O n  the night liefore (night 1 in the 
lahoratory) and the nights after the light 
stim~ilus (nights 3 and 4)  participants n.ere 
req~iired to remain in bed (and were al- 
loweii to sleep) fro111 2400 until noon the 
following day. O n  the light exposure night 
(night 2 in the lalioratory), sleep \vas nec- 
essarily displaced to accolnn~odate presen- 
tation of the 3-hour light pulse. With the 
exception of this interval, the participants 
n.ere in heii from 2400 ~int i l  noon on night 
2 as well. Sleep was not permitted during 
the light exposure interval, and continuous 
electroencenhaloeram and video monitor- 

L " 

ing of participants throughout the exposure 
interval ensured compliance. 

Bodv core temnerature was recorded con- 
tinuousiy (14). 1; a subset of sessions (n = 
18), hourly saliva samples were also collected 
for melatonin assay (15). The nadir of the 
temperature rhythm and the dim light mel- 
atonin onset (DLMO) were used to evaluate 
circadian phase before and after presentation 
of the light pulse ( 16). The magnitude of the 
phase shift achieved in each trial was deter- 
mined by comparing participants' baseline 
circadian phase (during the first 24 hours in 
the laboratory) with the phase determined 
during the final 24 hours in the laboratory. 

Examples from single individuals of the 
ohase shifts achieved as a result of light " 

presented before (producing a delay) and 
after (producing an advance) the illinimum 
of the circadian temperature rhythm (T,,,,,) 
are shown in Figs. 1 and 2. For all active 
sessions, there was a svste~natic relation be- 
tween the timing of the light pulse and the 
magnitude and direction of the phase shift, 

restilting in a classic phase response curve 
(Fig. 3A) .  Paireii t tests revealeii that shifts 
in 110th the delay and advance directions 
\Yere statistically significant (mean delay = 
1.43 hours, P = 0.0001; mean advance = 

0.58 hours, P = 0.024). Six of the seven 
participants \vho underment both active 
anii control conditions sho\veii a larger 
shift in the active condltlon mhen com- 
pared with their o\vn control condition 
(mean difference = 1.29 hours, P = 

0.011). It shoulii he noted, hornever. that 
the phase of light presentation rvas not 
matched for individual participants under 
active and control coniiitions. 

In 18 of the 24 active sessions, \ve as- 
sessed the nhase resDonse of a second circa- 
dian marker, the onset of the endogenous 
melatonin rhythm under din1 light condi- 
tions (DLMO) (Fig. 3B). The direction anii 
magnitude of the shifts in DLMO n.ere 
equivalent to those for temperature. Indeed, 

Time of day - 
Phase delay = 3.06 hours 

Fig. 1. Example of a delay in circadan phase in 
response to a 3-hour bright light presentaton to 
the poplitea regon. Light was presented on one 
occasion between 0100 and 0400 on n~ght 2 n 
the laboratory (black bar) w h e  the pariicipant (a 
29-year-old male) remained awake and seated in 
a dimly lit room (ambent ~llum~nation <20 lux). The 
circadan phase was determined by fittng a com- 
plex cosine curve (dotted line) to the raw body 
core temperature data (solid line). Resulting phase 
estmates are indicated by veriical lines. The base- 
line (nght 1) circadian phase (A) occurred at 0404; 
the circadian phase after light presentation (B)' 
(last 24 hours in the laboratory) occurred at 0708. 
The phase angle between the midpont of the light 
stimulus and the fitted body temperature mini- 
mum at baseline was 1.57 hours. The resulting 
phase delay was 3.06 hours. 

there n.as a significant correlation lietrveen 
the shift in hody core temperature and the 
shift in DLMO (Spearman rank-order corre- 
lation: p = 0.704; P = 0.009). As \vith 
temperature, delay and advance shifts in 
DLMO \\.ere statistically significant (mean 
iielay = 0.92 hours, P = 0.0009; mean ail- 
vance = 1.17 hours, P = 0.021). 

The phase shifts in the active sessions 
\Yere the consequence of the light adminls- 
tration and not syste~natically influenced hy 
the experimental procedure itself. In the 
control condition, participants under\vent 
the iiientical protocol as in the delay condi- 
tion, including application of the fiber optic 
pad and activation of the exhaust fans ( 13). 
Horvever, in the control condition, the halo- 
gen hull1 providing ill~i~nination to the optic 
pail mas disconnected. Because in all condi- 
tions the light source \vas not turned on until 
they \Yere seated and an opaque "skirt" was 
in place, participants \\ere una\vare of 

36.0- 
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Time of d~ 

Phase advance = 2.43 hours 

Fig. 2. Example of an advance in circadan phase 
In response to a3-hour bright light presentation to 
the poplitea regon. Light was presented on one 
occason between 0600 and 0900 after night 2 n 
the laboratory (black bar) while the pariicipant (a 
44-year-old male) remained awake and seated in 
a d m y  lit room (ambent ~llum~nat~on <20 lux). The 
circadian phase was determned by fitting a com- 
plex cosne curve (dotted line) to the raw body 
core temperature data (solid line). Resulting phase 
estimates are Indicated by vertical Ilnes. The base- 
n e  (nght 1) circadian phase (A) occurred at 0713; 
the circadian phase after g h t  presentation (B) 
(last 24 hours in the laboratory) occurred at 0453. 
The phase angle between the midpoint of the light 
st~mulus and the fitted body temperature mlnl- 
mum at baseline was 0.28 hour. The resulting 
phase advance was 2.34 hours. 
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whether light was actually being presented 
during a given session. Comparison of the 
phase of body temperature at baseline and 
after the control maninulation revealed no 
significant shift as a result of exposure to this 
protocol (mean shift = 0.37 hours, P = 
0.103), with five individuals showing delays, 
three showing advances, and one showing 
no ohase change. There was no relation c7 

between the degree or direction of shift and 
proximity of sham light exposure to T,,,, 
(Fig. 3C). Repeated measures analysis of 
variance of the circadian temperature phase 
across the entire control condition revealed 

-12 -8 -4 0 

Timing of light relative to T,i, (hours) 

Fig. 3. Response of the endogenous circadian 
pacemaker, as measured by body core tempera- 
ture (A) and by DLMO (B), to a single 3-hour pre- 
sentation of bright light to the poplitea region. 
Each point represents the phase shift observed 
(advances are designated by positive numbers 
and delays by negative numbers on they axis) in 
response to bright light presented at a given time 
relative to the phase of body core temperature at 
baseline. "Timing of light relative to T,,," (x axis) 
refers to the interval between the midpoint of light 
presentation and the f~tted temperature minimum. 
The magnitude of the observed phase shifts var- 
ied systematically as afunction of this relation. The 
strong correlation between the two phase mark- 
ers used (p = 0.704, P = 0.009) strongly suggests 
that the extraocular light stimulus directly influ- 
enced the endogenous circadian clock and not 
s~mply the output variables. (C) The response of 
the crcadian clock, as measured by body temper- 
ature, to the no-light control condition. All no-light 
presentations occurred before T,,,; therefore, 
only that poltion of the x ax~s is shown. 

no significant change in phase (P = 0.539), 
confirming the reliability of temperature as a 
circadian phase marker. The average intra- 
individual standard deviation in the control 
condition was 25.2 min. 

Our results challenge the widely held 
belief that mammals are incapable of ex- 
traocular circadian phototransduction. 
The overall temporal profile, as well as the 
magnitude of the phase shifts achieved 
with our extraocular lieht stimulus, is sim- - 
ilar to those reported by investigators who 
used single-pulse, full-spectrum light stim- 
uli presented to the eyes ( 1  7). The light 
stimulus we used was composed of a rela- 
tively narrow bandwidth (455 to 540 nm).  
Yet, in a pilot study with an identical 
protocol but with broad-band white light 
from commercial fluorescent light boxes 
(18) placed beneath participants' knees, 
we observed nhase delavs (no advances 
were attempteh) of similar magnitude to 
those re~or ted  here. 

Accurate characterization of the mecha- 
nisms of extraocular phototransduction has 
been difficult, even with resnect to the ubia- 
~~ i tous  "deep brain photoreceptors" of non- 
mammalian vertebrates (19). Oren has re- 
cently proposed a model in which the circu- 
latory system plays a key role (20). This 
"humoral phototransduction" hypothesis 
posits that light of sufficient intensity, falling 
on a vascular surface, sets in motion a nro- 
cess by which neuroactive gases transported 
in and regulated by blood-borne photorecep- 
tors (for example, henloglobin in erythro- 
cytes) stimulate the neural pathways that 
entrain biological rhythms. In support of the 
model is evidence that bright light can dis- 
sociate neuroactive gases such as carbon 
monoxide (CO) and nitric oxide (NO) from 
heme moieties (21); that light exposure can 
further increase circulating NO concentra- " 
tions by increasing the activity of NO syn- 
thase (22); and that NO can shift circadian 
phase in a manner similar to light (23). 
These facts, when integrated with the vaso- 
dilating capability of CO and NO (24), con- 
stitute a mechanism by which photic cues 
can be conveved to the circadian clock. Al- 
though the author proposes that humoral 
phototransduction occurs primarily by 
means of light falling on retinal vasculature, 
the hypothesis may apply to extraocular, pe- 
ripherally mediated circadian phototrans- 
duction as well. Whatever the mechanism 
that underlies extraocular circadian ~ h o t o -  
transduction, the pathway involved is likely 
distinct from those currently hypothesized to 
be responsible for providing the hutnan cir- , 

cadian clock with photic information (6). 
Timed bright light exposure is an effec- 

tive treatment for sleep and circadian 
rhythm disorders including jet lag, shift work 
sleep disturbance, age-related insotnnia, and 

advanced- and delayed-sleep phase syn- 
dromes (25). The finding that the endoge- 
nous clock can be manipulated through an 
extraocular route could lead to the develop- 
ment of delivery systems and treatment reg- 
inlens that may increase the effectiveness of 
this promising nondrug treatment. For exam- 
ple, treatment regimens that use extraocular 
light exposure may be able to take advantage 
of more efficient timing schedules. The na- 
ture of the phase response curve to light 
dictates that the largest shifts, both advances 
and delays, occur at times during which peo- 
ple are usually asleep. 

REFERENCES AND NOTES 

1. For a revevi of tlle comparative physoogy of ex- 
traocular photorecept~on, see Experientia 38. 989 
(1982); see also R. G. Foster and M Menaker. n 
L~gh t  and B~ological Rhythms in Man, L Weiterberg. 
Ed. (Pergamon Oxford, 1993), pp 73-91 

2. B. Rusak and I. Zucker, Physiol. Rev. 59 449 (1 979). 
3. C. M. Be~s~vianger, P. G Sokolove D J. Prior, 

J. Comp. Pi~ysloi. 216. 13 (1 981): G D Block D. J. 
Hudson, M E. Lickey, ibid. 89. 237 (1974). A. Eskn, 
Z Vgl. Physiol. 74, 353 (1 971 I ;  M. Kavalers, Behav. 
Neural Biol. 30, 56 (1 9801, H. Unders~ood, J. Comp. 
Physiol 83, 187 (1973): K. Yokoyania and D. S. 
Farner. Science 201, 76 (1 978). 

4. M. Menaker. Proc. Nail. Acad. Sci. U.S.A. 59, 414 
(1968); and H .  Underjviood Photochem. 
Photobiol. 23, 299 (1 976); M. Menaker. Biol Reprod. 
4. 295 (197:); J .  P. McMillan. H. C Keatts. M 
Menaker. J. Comp. Physiol. 102. 251 (1975). 

5. K. Ader. Photochem. Photobiol. 23, 275 (1976); J .  
Cadussaeu and G. Garland. Exp. Bran Res. 40.339 
( I  98C); J .  J. Deman and D. H. Taylor J. Herpetol. 
11 131 (1977): M. Kavalers, J. Exp. Zool. 209, 33 
(1979): D. H. Taylor and D. E. Ferguson. Science 
168. 390 (197C), T. van Veen. H G Hartw~g. K 
Muller. J. Comp. Phys~ol. 111, 209 (1 976); H Under- 
wood and G Groos, Expenenha 38, 101 3 (1 982). 

6 R. G .  Foster, Ccirr Dir. Psychol. Sci 2, 34 (1 993), 
L. P .  Morn, Brain Res. Rev. 19, 102 (I 994). 

7. R. G. Foster et a/., J. Conip. Physiol A Sens Rieural 
Behav. Physiol 169, 39 (1 991 1 

8. C A. Czeser et a/., A'. E1ig1. J. Med. 332, 6 (1995). 
9. R. G. Foster et a/., J. Comp. Phys~ol. A Sens Neural 

Behav. Physiol. 165, 565 (1 989). 
10. G .  A Groos and D van der Kooy, Experientia 37.71 

(1981): R Nelson and I Zucker. Conip Blochem. 
Physiol. 69A 145 (1981); C. P. R~cllter. Biological 
Clocks in ivledicine and Psychiaty (Tllornas. Sprng- 
f~eld. L ,  1965). 

11. T. A. Wellr et a/., Am J. Psychiat,y 144, 753 (1987). 
12. The protocol was approved by Corne Un~verslty 

Medca College's Comlnttee on Human Rgllts n 
Research. A paricpants gave jvir~tten consent after 
beng nforlned of the nature and potenta r~sks of the 
study. They were p a d  for ther particpaton. 

13. Tlle Ight source was a BBanket  Plus (Ohmedai, afber 
optc phototllerapy dev~ce commonly used for +one 
treatnent or hyperb~l~rub~nem~a. The devce conssts of 
a halogen a n p  r a vented netal Iiousng, wll ch also 
contans a sna l  fan to dsperse +eat generated by the 
lamp, lllun~nat~on from tlle halogen bulb leaves the 
housing tllrougll 2400 optc fbers encased n a flexbe 
plastc tube 1 m n length. The optc fbers teVmnate n a 
-10 c n  by -15 cm woven pad about -0 64 cm tllick 
Because the Ight source IS renote, tlle f~ber optc pad 
generates no heat. A Bblanket pad was placed over 
the poptea area of each leg and secured n place wth 
a polyester athetc knee brace. During the 3-hour Ight 
exposure nterval, partcpants remained seated n a re- 
c n n g  char, with a table positoned over ther aps To 
ensure that the light st~mulusdid not reach the retna, we 
draped a 3 m by 3 ni black, opaque, double thckness 
polyester "s*irt' over the tabethat reached the floor on 
a sides and secured t w~th Velcro around the partc- 

398 SCIENCE VOL. 279 16 JANUARY 1998 www.sciencetnag.org 



pant s wast. The lamp housng was placed beneath the 
table and under the sk~lt, so that any Ight escapng 
through the housng vents was obscured from the par- 
tcpant s eyes, lllurn~nat~on at the paltcpant's eye level 
never exceeded 20 lux Each BBIanket prov~ded 
-13 000 lux to the poptea regon An exhaust fan (In 
add~t~on to those n each BBIanket hous~ng) was 
placed beneath the skr i  to evacuate any hea: produced 
by the halogen Ight source. 

14. Body core temperature was recorded In 2 -mn  ep- 
ochs, ~ 1 1 t h  d~sposable rectal therm~stors (Yellow 
Sprngs) attached to Mn-ogger  a m b u a t o ~ j  record- 
ing devces (Mn-Mt ter ,  Sun Rver, OR). 

15 Sava  salnpes were collected under d m  Ight frorn 
1800 u n t  2400 on n~ght 2 (before Ight exposure) 
and on nght 4. Meatonn concentratons were Inea- 
sured by rad~o~lnmunoassay (ALPCO Windham. 
NH) w ~ t h  the Kennaway G280 ant~body [G. M. 
Vaughan et a/.. J Pineal Res. 15. 68 (1 993)l. All 
samples froln a gven paricpant durng a gven ab-  
oratory sesslon were analyzed In the salne assay 
We have calculated an ntra-assay coeffcent of var- 
atlon of 2.1%: the nterassay preclslon has been 
repolted as 10.4"% (26) 

16. The raw temperature data set for each partcpant 
vias dvided n t o  24-hour subsets and demasked {to 
account for any evoked effect of sleep on body tem- 
perature [D. S Mnors and J. M. Waterhouse, Chro- 
nobiol, lnt. 6 29 (1969)l) and then each subset was 
f ~ t  with a complex cosine curve ~ 1 1 t h  a 24-hour and a 
12-hour harmonc. A telnperature cuwes reached a 
goodness-of-f~t crlteron of r2 -? 0.8 (varance ac- 
counted for)' one partcpant whose basene tem- 
perature curve d d  not meet t hs  requrement vias 
excluded from the analyses. The nadirs (ftted m n -  
ma) of the ftted cuwes were used to determne the 
phase of the body core temperature rhythm. The 
DLMO was def~ned as the tme  at whch savary 
melaton~n concentratlons exceeded 3.33 pg/ml. 
Ths threshold was based on a conventona defn-  
t o n  of a 10 p g i m  threshold for plasma meatonn 
concentratlons [A. J. Levy and R. L. Sack, ibid.. p.  
931 and p~~bi ished evidence that the radornmuno- 
assay used here y e d s  savary meatonn concentra- 
t~ons -30% of those obtaned n plasma (26). 

17. K Honma, S. Honma, T. Wada Ex~eiientia 43 1205 
(1987) D. S. M~nors J. M. Waterhouse J. A. W~rz, 
Neurosci. Lett. 1 33 36 (1 991 ) .  

18. L~ght boxes were froln Apolo L~ght Systems, Orem, 
UT. 

19. R. G. Foster et al., Neurosci. Biobehav. Rev. 18, 541 
(1 994). 

20. D. Oren iveiiroscientist 2, 207 (I 996) 
21 Q.  H. Gbson and S. Answorth, Nature 180, 1416 

(1957). 
22. C. M. Ventur~, R. M. Palmer, S. Moncada J. Phar- 

macol. Exp. Ther. 266 1497 (1 993). 
23. J. M. Dng etal. Science 266, 1713 (1994) 
24. R. F Furchgott and D. Jothanandan, Blood Vessels 

28, 52 (1991). 
25. S. Campbell, D. Dawson M. Anderson, J. Am. Ger. 

Soc. 41. 829 (1993). S. Daan and A J. Levq, Psycho- 
phar~nacol. Bull 20, 566 (1984) C. I. Eastman, Work 
Stress 4 245 (1 990) C. I .  Eastman et a/., Sleep 17, 535 
(1994). A. L Elliott et a/., J. Physiol. 221 227 (1972). 
T. M Hoban et al. Chronobiol lnt. 6, 347 (1989); K. 
Honma et a/., J D ~ .  J. Ps!/ch~ati)~iVeurol. 45. 153 (1 991), 
T. Kle~n et al. S l e e ~  16, 333 (1993) L. C. Lack J. D 
Mercer H. Wrght, J. Sleep Res 5, 21 1 (1996); L. Lack 
and K. Schumacher, Sleep Res. 22, 225 (1993): Q R. 
Regesten and T. Monk Am. J. Psychlati)/ 152 602 
(1 995). N. Rosentha etal. Sleep 13, 354 (1 990), R. A 
Wever, Ann. N. Y Acad Sci 453 282 (1 985), for a 
consensus report on brght Ight treatment of sleep ds-  
orders see J. Biol. Rhythms 10, 105 (1 995). 

26. J. Weber, J. C. Schviander, I. Unger, D. Meer, Sleep 
Res. 26. 757 (1 997). 

27 We thank our techn~cal staff for ther effolts A. Bar- 
bano for paricipant recrutment and R. J. Fnney for 
rneatonn assays. Suppolted by U.S. P u b c  Health 
Sew~ce grants R01 MH45067. R01 MH54617, KO2 
MHOI099, P20 MH49762, R01 AG512112 and 
R03 AG14197. 

14 August 1997; accepted 12 Novelnber 1997 

Postsynaptic Membrane Fusion and 
Long-Term Potentiation 

Pierre-Marie Lledo,* Xiangyang Zhang, Thomas C. Sijdhof, 
Robert C. Malenka, Roger A. Nicollt 

The possibility that membrane fusion events in the postsynaptic cell may be required for 
the change in synaptic strength resulting from long-term potentiation (LTP) was exam- 
ined. lntroducing substances into the postsynaptic cell that block membrane fusion at 
a number of different steps reduced LTP. lntroducing SNAP, a protein that promotes 
membrane fusion, into cells enhanced synaptic transmission, and this enhancement was 
significantly less when generated in synapses that expressed LTP. Thus, postsynaptic 
fusion events, which could be involved either in retrograde signaling or in regulating 
postsynaptic receptor function or both, contribute to LTP. 

Brief repetitive stimulation of excitatory 
synapses in many regions of the central ner- 
vous system results in a long-lasting increase 

u 

in synaptic strength referred to as long-term 
potentiation (LTP). Although LTP at most 
synapses is known to require the activation 
of the N-methyl-D-aspartate (NMDA) sub- 
class of glutamate receptor and a subsequent 
rise in postsynaptic calciulu concentration, 
the steps involved in generating the persib- 
tent increase in synaptic strength are poorly 
understood (1 ) .  Thus, it is still unresolved 
whether the increase in synaptic strength 
results primarily from a persistent increase in 
the release of glutarnate (the transmitter at 
excitatory synapses) or from a persistent in- 
crease in the sensltiv~ty of the postsynaptic 
cell to elutamate. 

Regardless of which rnechanlsm proves 
to be correct, an attractive hv~othesis  is 
that membrane f~lslon events In the 
postsyndptlc cell play an lmpoltant role In 
LTP. A presynaptlc LTP expresslon mech- 
anistn requires the release of retrograde 
messengers frorn the postsynaptic cell, a 
process that could involve either mem- 
brane-permeant messengers or the exocyto- 
sis of messenger frotn the postsynaptic cell 
(2 ) .  A proposed postsynaptic expresslon 
rnechanistn involves the all-or-none LIP-ree- " 

ulation of glutamate receptors, possibly by 
the insertion of membrane containing glu- 

tatnate receptors (3). Thus, tnembrane ~ L I -  
sion events in the postsynaptic cell could be 
required for generation of both the pre- and 
postsynaptic modifications that have been 
proposed to occur during LTP. T o  test this 
~ossibilitv we examined the effects on LTP 
of several agents that disrupt tnembrane 
fusion by interrupting different steps in the 
protein-protein interaction cascade in- 
volved in membrane fusion. In addition, we 
exatnined the effects of introducing a re- 
combinant protein into the postsynaptic 
cell that promotes fusion. 

Standard hippocampal slice and elec- 
trophysiological recording techniques 
were used for all experiments (4). All 
co tnpo~nds  were introduced directly into 
the postsynaptic cell through sharp, intra- 
cellular recording microelectrodes, which 
were used to prevent the washout of LTP 
that occurs with whole-cell recording (5) .  
In all experiments we compared the re- 
manses recorded intracellularlv with those 
rkcorded simultaneously frotn an extracel- 
lular recording electrode placed nearby in 
the stratum radiatum. This permitted us to 
monitor the stability of the preparation 
and, importantly, the generation of LTP 
in the cells surrounding the manipulated 
cell simultaneously. 

First, we tested the effects of N-ethyl- 
rnalei~nide (NEM), which blocks NEM- 
sensitive factor INSF). a cvtosolic adeno- , ,  , 

P.-M. Ledo Department of Cellular and Molecular Phar- 
sine triphospha;e-binding protein that, 

macoloav Un~versitv of California. San Franc~sco. CA by interacting with SNAPs (soluble NSF- 
94143, USA. attachment proteins), is required for a 
X Zhang and T. C. Sudhof, Deparirnent of Molecular large nulnber tnembrane fusion reac- 
Genetics and Howard Hughes Medca  nst~tute, Unver- 
s~ty  of Texas Southwestern Medca Center, Dallas, TX t ions.(6).  NEM.(5 lnM) was in 
75235, USA the electrode solutlon ( 2  M potasslum ac- 
R. C. Malenka, Depariments of Psychiatry and Physioo- etate) and loaded into the postsJ;naptic 
gy Un~vers~ty of Caforna. San Francisco CA 94143, 
I I ~ A  cell by diffusion frotn the intracellular 
""r l ,  

R. A. N I C O .  De~altments of Celuarand Molecular Phar- electrode. T o  allow sufficient time for 
rnacoogy a n d ~ h y s o o g y  Universty of Cafornia, San NEM to diffuse into the cell, we waited 30 
Francsco, CA 941 43, USA. to 50 min before attempting to elicit LTP 
'Present address: CNRS, nsttut  A. Fessard. Avenue de with tetanic ' ( F ~ ~ ,  1). ~ l -  
a Terrasse, 91 198 Gf-sur-Yvette Cedex. France 
+To whom correspondence should beaddressed. E-mail. though tetanic stitnulation produced a 
nicoll@phy.ucsf.edu large LTP in the field potential recording, 

ncemag.org SCIENCE VOL. 279 16 JANUARY 1998 399 




