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Both subjective and electroencephalographic arousal diminish as a function of the 
duration of prior wakefulness. Data reported here suggest that the major criteria for a 
neural sleep factor mediating the somnogenic effects of prolonged wakefulness are 
satisfied by adenosine, a neuromodulator whose extracellular concentration increases 
with brain metabolism and which, in vitro, inhibits basal forebrain cholinergic neurons. 
In vivo microdialysis measurements in freely behaving cats showed that adenosine 
extracellular concentrations in the basal forebrain cholinergic region increased during 
spontaneous wakefulness as contrasted with slow wave sleep; exhibited progressive 
increases during sustained, prolonged wakefulness; and declined slowly during recovery 
sleep. Furthermore, the sleep-wakefulness profile occurring after prolonged wakefulness 
was mimicked by increased extracellular adenosine induced by microdialysis perfusion 
of an adenosine transport inhibitor in the cholinergic basal forebrain but not by perfusion 
in a control noncholinergic region. 

A b u n d a n t  experilnental evidence supports 
the colnlnollsellse llotion that prolonged 
wakefulness decreases the degree of arousal. 
which is usually measured as electroen- 
cephalographic activation (EEG arousal). 
Both the  propensity to sleep and the inten- 
sity of delta EEG waves upon falling asleep 
have bee11 delllollstrated to be proportional 
to the  duration of prior wakefulness ( I ) .  
W h a t  might be the neural mediator of this u 

effect of prior wakefulness? Our  laboratory 
has urovided evidence that the basal fore- 
brain and lnesopolltine cholinergic neurons 
whose discharge activity plays an  integral 
role in EEG arousal (2)  are under the  tonic 
~nhibitory control of endogenous adeno- 
sine. an  inhibition that is lnediated uostsvn- 
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aptically by a n  inwardly rectifying potassi- 
um co~lductance and bv a n  inhibition of the  
hyperpolarization-activated current (3). 
Adenosine is of particular interest as a pu- 
tative sleep-wakefulness neuromodulator 
(4)  because ( i )  the production and concen- 
tration of adenosine in the  extracellular 
space have been linked to ~leuronal  rneta- 
bolic activity (5); (i i)  ~leural  metabolism is 
much greater during wakefulness (W) than 
during delta slow rvave sleep (SWS)  (6); 
and (iii) caffeine and theophylline are pow- 
erful blockers of electrophysiologically rele- 
1-ant adenosine receptors, promoting both 
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subjecti\,ely and EEG-defined arousal ~vhi le  
suppressing recovery sleep after deprivation 
(7). Our  laboratory has recently demon- 
strated that lnicrodialysis perfusion of aden- 
osine in the  cholinergic basal forebraill and 
the  lnesopontine cholinergic nuclei reduces 
~vakefulness and EEG arousal (8). 

Although the preceding evidence is c o n  
sistent rvitll adenosi~le as a neural sleep factor 
mediating the som~logenic effects of pro- 
longed EEG arousal and ~vakefi~lness, key 
questions relevant to a demo~lstratioll of this 
role have remained unaddressed. (i) Are brain 
extracellular adenosine co~lcentratiolls hlgher 
in spontaneous LV than in SWSI (ii) Do 
ade~losi~le co~lcentrations increase ~v i th  in- 
creasing duration of \Xi and the11 decline s low 
ly as recovery sleep occurs after W ?  (iii) Do 
pharmacological lllanipulations increasing 
brain adenosine co~lcentrations produce 
changes in sleep and wakefi~l~less that luilnic 
those seen during recovery fro111 prolonged 
rvakefi~lness? ( i ~ , )  Are adenosi~le sleep-wake- 
fulness effects mediated selectively by neu- 
rons implicated in EEG arousal, such as 
cholinergic neurons, rather than stelnlning 
from rvidespread ~ l e u r o ~ l a l  populations, 
each x i t h  relatively similar influence? 

Under pentobarbital anesthesia, cats 
xere  irnpla~lted with electrodes for record- 
ing EEG, electromyogram, electro-oculo- 
gram, and ponto-geniculo-occipital waves 
for deterlnination of behavioral state (9)  
and with guide cannulae for insertion of 
rnicrodialysis probes (1 0). Probes lvere tar- 
geted to the  cholinergic basal forebrain and, 
as a control region, to the  thalarnic ven- 
troanterior/ventrolateral (VA/VL) corn- 
plex, ~ v h i c h  was selected for contrast be- 
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as widespread as those of the basal forebrain 
cholillergic neurons ( I  1 ). 

Brain extracellular adenosine concentra- 
tions were measured in the basal forebrain and 
the thalamus with the use of high-perfor- 
luance licluid chromatography and ultraviolet 
(UV) detection from samples collected by in 
vivo lnicrodialysis (Fig. 1A) (1 2). Adenosine 
collcelltrations in consecutive samples over 
one complete sleep cycle [that is, a cycle 
containi~lg LV, SWS, rapid eye mo17ernent 
(REM) sleep, and W again at the end] are 
sholvn in Fig. 1B. The initial cluster of suc- 
cessive \Xi episodes has collsiste~ltly high \,al- 
ues, whereas the follo~\-ing cluster of sleep 
states has generally much lower SWS values, 
especially as SLVS becomes Illore consolidat- 
ed. In some experimellts (Fig. lB) ,  sanlples 
were collected during REM sleep episodes, 
and the aiienosi~le concentrations measured 
appeared similar to the concentrations seen in 
adjacent SWS samples. However, we did 11ot 
pursue the analysis of REM sleep samples, 
because the focus of the present study was not 
on REM sleep. Further~llore, it was relatively 
difficult to get pure REX4 samples, and there 
was some evidence that the short-duration 
REM eplsodes did not allow full equilibrium 
of adenosine with the extracellular fluid. As 
predicted, adenosine concelltrations were less 
in SWS than in LV, being sigllificalltly re- 
duced by 21% in both regions [paired t test, 
t(4) = 6.53 and P < 0.01 for the basal fore- 
brain and t(4) = 2.80 and P < 0.05 for the 
thalamus]. The grand mean (-tSEM) of aden- 
osi~le co~lcentratio~ls was 30.6 i 5.1 nM dur- 
ing \Xi versus 24.1 -t 4.4 IIM during SWS 
(13). 

T o  study the effect of prolonged wakeful- 
ness on brain extracellular adenosine concen- 
trations, n-e atraumatically kept the cats 
awake by playing with or handling them. Dur- 
ing the 6-hour waking period and the ?-hour 
subsequent recovery sleep period, EEG activ- 
ity was collti~luously monitored, and three 
10-min ~llicrodialysis saluples were analyzed 
per hour from the basal forebram site. The  
mean aiienosine co~lcelltratio~ls for six anl- 
luals for each hour of the experiment were 
expressed as a percentage of the second-hour 
values (ade~losi~le co~lcelltratio~l at 2 hours 
rvas 30.0 -t 9.5 nbl)  (Fig. 2). As predicted, 
during the extended waking period, the extra- 
cellular adellosille concentration increased 
progressively wit11 increasing duration of wak- 
ing, reaching, at 6 hours, about twice that 
(58.9 i 15.7 nM) seen at the onset of the 
experiment (Fig. 2, P < L1.05). During the 
3-hour recovery period, ade~losi~le declined 
slo~vly, and, at the end of the 3-hour recordi~lg 
vr-mdow, it still had not declined to the \,slues 
at the experiment's onset, although \,slues 
approximated the baseline value in one cat 
that was recorded for 6 hours of recovery 
sleep. 
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Fig. 1. Extracellular A 
adenosine concentra- 
tions during spontane- 
ous wakefulness and 
sleep. (A) Chromato- 
grams of the adenosine 
reference standard (left) 
and the basal forebrain 
microdialysis sample 
(right), both of which 
show peaks (arrows) at 
8-min retention time. (B) 
Adenosine concentra- - 
tions in 10-min consec- 
utive samples from an 1 C - - ? * d +  S S R W S  S R S  

~nd~v~dual m~crod~alys~s I I 

i pmol Sample Behavioral state 
probe In the basal fore- 
bra~n. Labels Indicate C 
the predom~nant behav- 
 oral state: W, wakeful- 
ness; S, slow wave 
sleep; and R ,  REM - 
sleep (C) Coronal sche- 
mat~c of the basal fore- - 
bra~n show~ng the s~tes . . .  

r -  
of the t~ps of the SIX + .  
probes used for the pro- * r e .  - 
longed wakefulness and AC2 SI 

.r 

NBTI perfus~on experl- 
v3\ 

.- 1 
q L 

ments All s~tes are OC . . '" 
mapped onto this one . -.. 
sectton, ~nclud~ng homo- 
top~c mapplng for contralateral sltes. The most dorsal - , 

slte IS that shown In the photom~crograph In (D) AC, 2.. I . .:* 
anter~or comm~ssure, CA, caudate; IC, lnternal cap- . .-*. 

sule, OC, optlc chiasm; SI, substantla Innomlnata, V3, . s  . 
th~rd ventricle (D) Photom~crograph show~ng chollne . * .  

acetyltransferase-pos~t~ve (ChAT+) neurons (dark - + 

spots) surround~ng a probe tip slte (top); thls ~llustra- &. 

tion was selected because the relat~vely superfic~al - - ,*! 

locat~on of the t~p  In the substantla lnnom~nata allows - .1 
clear vlsual~zat~on of ChAT+ neurons. 

We next addressed the question of 
whether there was site specificity for adeno- 
sine effects on sleep and wakefulness. To 
achieve local increases in adenosine that 
would allow comparison of the sleep-wake- 
fulness effects of elevated adenosine in the 
basal forebrain and in the thalamus, we used 
unilateral microdialysis perfusion of the 
adenosine transport inhibitor S-(+nitroben- 
zy1)-6-thioinosine (NBTI, 1 FM) (14), in 
the basal forebrain and thalamus. NBTI in- 
creased adenosine concentrations about 
equally (to about twice the control values) in 
both the basal forebrain and thalamus (Fig. 
3A). Despite the similar NBTI-induced in- 
creases in adenosine in the basal forebrain 
and thalamus, only the adenosine increases 
in the basal forebrain induced a decrease in 
wakefulness and an increase in SWS (Fig. 
3B). Similarly, a power spectral analysis of 
the EEG revealed that the relative power in 
the delta band (0.3 to 4 Hz) was increased 
and the relative power in the gamma band 
was decreased after NBTI infusion in the 
basal forebrain but not in the thalamus (15) 

(Fig. 3C). NBTI perfusion in the basal fore- 
brain also increased REM sleep, a finding 
similar to the effects of microdialysis perfu- 
sion of adenosine (8) (Fig. 3B). 

Our final analysis examined how closely 
the increase of basal forebrain adenosine con- 
centrations by NBTI mimicked the sleep- 
wakefulness changes associated with the in- 
creased basal forebrain adenosine concentra- 
tions caused by prolonged wakefulness. Pro- 
longed wakefulness and NBTI infusion in the 
basal forebrain induced adenosine increases in 
the basal forebrain of almost the same magni- 
tude, which were slightly more than twice the 
control values (16) (Figs. 2 and 3A). We 
noted that this congruence of adenosine con- 
centrations afforded a useful opportunity (i) to 
determine if the same increase in adenosine, 
whether from NBTI or prolonged wakeful- 
ness, produced similar sleep-wakefulness 
changes, a finding that would be compatible 
with adenosine's acting as a sleep factor mod- 
ulating the somnogenic effects of prolonged 
wakefulness, and (ii) to determine how closely 
a local basal forebrain increase in adenosine 

Prolonged waking Recovery 

Fig. 2. Prolonged wakefulness and recovery 
sleep. Mean extracellular adenosine values in- 
creased in the basal forebrain during 6 hours of 
prolonged wakefulness [0900 to 1500; repeated 
measures of the analysis of variance (ANOVA) be- 
tween treatments gave values of F(8,5) = 7.0 and 
P < 0.0001, and the paired t test between the 
second and the last hour of wakefulness gave 
values of t(5) = 3.14 and P < 0.051. The adeno- 
sine values decreased in the subsequent 3 hours 
of spontaneous recovery sleep (n = 6). Values are 
normalized relative to the second hour of depriva- 
tion (due to technical problems, three first-hour 
values were missing). 

~roduced the same s1ee~-wakefulness effects 
as the presumptively global adenosine increas- 
es induced by deprivation, thus allowing an 
estimate of the potency of local, unilateral, 
basal forebrain changes. Both prolonged 
wakefulness and NBTI infusion in the basal 
forebrain produced the same pattem of sleep- 
wakefulness changes, with a reduction in 
wakefulness and an increase in SWS (Fig. 
3D). Power spectral analysis showed that both 
prolonged wakefulness and NBTI infusion, 
com~ared with control values of sDontaneous 
sleep-wakefulness states with artificial cere- 
brospinal fluid (ACSF) perfusion, produced 
the same pattem of relative power changes, as 
discussed in the previous paragraph (1 7). 

What might be the mechanism of the 
observed changes in extracellular concen- 
trations of adenosine that occur in associa- 
tion with sleep-wakefulness changes? 
Mechanisms that influence extracellular 
adenosine concentrations include modula- 
tion of adenosine anabolic and catabolic 
enzyme activity and adenosine transport 
rate constants or activities (18). For exam- . , 

ple, increases in metabolic activity during 
wakefulness could increase intracellular 
adenosine concentrations and, by altering 
the transmembrane adenosine gradient, re- 
duce or even reverse the direction of the 
inward diffusion of adenosine via its facili- 
tated nucleoside transporters (1 9). Similar 
adenosine increases may occur in other cen- 
tral nervous system regions, and diurnal 
variations of adenosine concentrations in 
the frontal cortex and hippocampus have 
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indeed been reported, although these stud- 
les did not measure behavioral state-related 
changes (20). W e  suggest that adenosine's 
powerful state-altering effects ill the  cholin- 
ergic basal forebrain region occur primarily 
because of the  cholinergic neurons' uide- 
spread and strategic efferent targets in  the  
thalamic and cortical systems that are lm- 
portant for the  col~trol  of EEG arousal (21 ). 
Illcreased adenosine concentratiolls in  the  

NBTl (1 pM) (A) M~crod~alys~s perfu NBTl 
slon of NBTI ncreases adenosine 100- 

concentrations In both the basal fore- 
bran (palred t test t(5) = 4 79 and P , 250 
< 0 01) and the thalamus (pared t 2 
test t(4) = 3 92 and P < 0 05) bv 200 
about twofold (the means of the last 
three samples before and the means ' I5O 
of the flrst three samples after onset .E 100 
of NBTI perfuson are compared) (B) 
NBTI admlnlstration causes sleep 4 50 
wakefulness changes In the basal 
forebrain (left panel) but not ~n the VA Wake SWS REM 
VL thalamus (rlght panel) In the basal forebra~n (VANL) Basal forebra~n Thalamus (VANL) 
forebraln the pared t test gave va-  
ues of t(5) = 3 47 and P < 0 05 for wakng t(5) = 3 78 and P < 0 05 for C ~ e l t a  D 0 Wake 

cholinergic basal forebrain :one ~vould thus 
decrease EEG arousal, increase drowsiness, 
and promote EEG delta wave activity dur- 

SWS and t(5) = 2 76 and P < 0 05 for REM sleep Changes In the 30 - 
thalamus are P = NS for all states The ordnate shows the mlnutes spent 
In each state durlng the 3 hour recording perlod (C) NBTl causes changes 
In the power spectrum when admlnlstered In the basal forebraln but not In 5~ 
the VA VL thalamus The relatlve power 1s Increased In the delta band (0 3 2 z 

ing subsequent sleep. \We suggest that ex- 
tracellular a d e ~ l o s ~ ~ l e  concentrations de- 

Gamma SWS 
* 
- 60 

crease in  SWS because of the  reduced met- 
abolic activity of sleep, especially ill delta 
wave sleep, when choli~lergic neurons are 

to 4 Hz) and decreased n the gamma band (35 to 55 Hz) wlth NBT lnfuson 5 20- - 
In the basal forebran (P < 0 04 nonparametrlc Wlcoxon tests were used $ '5 5 

* o 40 
because of nonnormalty of data) but 1s unchanged w th  NBTI lnfuslon In the 5 $ + 

I .a 

thalamus (D) Comparison of the effects of prolonged wakefulness and 
n o  NBT perfuslon n the basal forebrain on the percent of tme  spent ~n each > 

c .- 
behavoral state Durng both the NBTl treatment and the recovery seep 2 'Z l o -  E 
condtons SWS was ncreased as compared wlth control sleep [40 and 2 p 20 

50% respectively n = 5 repeated measures of ANOVA between treat- 
ments gave values of F(2 4) = 5 92 and P < 0 051 and this Increase In 
SWS d ~ d  not dffer between the NBTl and recovery sleep condtlons (post 0 
hoc Neuman Keu) Wakefulness was decreased ~n both expermental con Control NBTl Recovery 
dltlons as compared to control sleep [45 and 50% respectvey repeated forebra~n (VANL) 

measures of ANOVA between treatments gave values of F(2 4) = 9 41 and 
P < 0 011 whereas the two experimental condltlons d ~ d  not dffer from each other REM sleep In the NBTI-treated and recovery sleep groups had s m a r  
percentage ncreases (65 and 50%) 

relatively quiescent. T h ~ s  postulate 1s con- 
gruent with the  observed d e c l ~ n ~ n g  expo- 
nential time course of delta wave activity 
over a night's sleep (1).  

Taken together, these results suggest 
that adenosine 1s a physiological sleep fac- 
tor that rnedlates the  so~nnopellic effects of u 

prior uaketi~lness. T h e  duration and depth 
of sleep after wakefulness appear to he pro- 
foundl j~  ~nodulated by the  elevated concell- 
tratlons ot adenosine. 

REFERENCES AND NOTES 

1. A. A. Borbey, Hum. Neuron101 1 ,  195 (1 982,, I Fen- 
berg et a / ,  Electroencepi7alogr. Clin R/europhysiol. 
61. 13L (1 9851 

2. M Ster~ade, S. Datta. D. Pare. G. Oakson, R. C Doss~, 
J. Neuroscl. 10, 25L1 (1990); M Ster~ade. Science 272. 
225 (199Gr; B. E. Jones. Prog. Brain Res. 98. 61 (1993,. 

3. D. G Ranne. H. C. R. Grunze, R. W. McCarley, R. 
W. Greene. Sclence 263, 689 (1994). 

L .  M. Radulovack~, Re)/. Clin. Basic Pharmacol. 5, 327 
(1 9851. 

5 I. Pull and H Mcllwa~n. Blochem. J. 126. 955 (1972); H 
R W~nn, J. E \P~!elsh, R. Rublo, R. M Berne, Circ Res. 
47, 558 (19801. J. Schrader, M. Wahl, \PP!. Kuschinsky. 
G. W Kreutzberg. Pfluegers Arch. Eur J. Phpiol. 387. 
2L5 (19801: R. M. Berne. In Cerebral H;/ooxia I:: the 
Pati7ogenesis of,Pdrgraine, F. C Rose and W K Amery, 
Eds (P~tman. Lotidon, 1982), pp 82-91: D. G Van 
Wylen, T S Park. R. Rubo, R. M Berne, J Cereb. 
BloodFlo~r~i~etab. 6, 522 (1 985,: H. Mclvdan and J D 
P o ,  rlieiirochem. Int. 7. 103 (1 985). 

5, In humans. a LLoo reducton in tihe cerebral nietabol- 
c rate (CMRI of glucose during delta wave sleep, 
colnpared vdth that durng vdakefuness, v!as deter- 
n ~ n e d  by P. Maquet et a1 [Brain Res. 571, 1L9 
(1992:1, and a 25% reduction In the CMR of 0, was 
determned by P. L. Madsen eta / .  [J. Ap,ol ~ [ vs io i  
70. 2597 (1 991 I]. 

7 .  T. V. Dunwddie, B. J Hoffer B.  B. Credhon, Naii- 
nyn-Schmiedeberg's Arch. Pharmacol. 31 6, 326 
(1 981 ) .  R. in) Greene, H L. Haas, A. Hernann. Br. J. 
Pharmacol. 85, 163 (1 985,, A. Zwyghusen-Dooren- 
bos, T. A. Roehrs. L. L~pschutz, V. T ~ n m s ,  T Roth 
Psyci7opharmacology 100, 36 (1 9901: D Penetar et 
a/., loid 1 1  2, 359 (1 993). B.  Schw~ern, A. A. Borbey. 
and I. Tobler [Eur. J. Pi7armacol 300, 153 (1 99611 

showed that caffeine given at the begnnng of 6-hour 
sleep depr~~vaton decreased delta power durng re- 
bound sleep. 
C. M. Portas, M. Thakkar, D. G Ra~nn~e, R, in) 
Greene. R. inl. McCarley. R/eurosclence, in press 
Ths study also demonstrated a concentration-re- 
sponse relation m8er a four log-unt concentraton 
range betv!een adenosne petfused Into the cholin- 
ergc basal forebran and tile extent of reduction of 
wakefulness. 
R. Ursn and M. 6 Sterman, A bfanual for Standard- 
ized Scoring of Sleep and IjVaaKing States ~n the Adult 
Cat (Brain Informaton Senwe, Bran Research lnstl- 
tute, Un~versity of Caforn~a. Los Angeles, 1981). 
EEG act~baton was scored n 20-s epochs 
Intracerebra gude cannulae (CMA 10 gude. CMAIMI- 
crod~alys~s, Stockiioln. Sweden) were Implanted 12 
mm abobe the target. The coordnates for the basal 
fo-ebrain (substanta nnomnata, were AP 15.5. ML 5. 
and DV 1 5, for tile thalamus they were (VA'VL) AP 
1 ; . ML 5, and DV 2.5 [A. L. Bernan and E. G. Jones. 
The Thaklniis and Basal Telencepi7alon of the Cat 
(Unib, of \nlsconsn Press, Madson, \!'!I, 1982)l. After 
surge?:, the anmals were allowed to recober for 2 
weeks. Histoogcal processing was on 40-km sections 
of fornadehyde-fxed bran issue processed for n n u -  
nohstochemst~: with an antbody for choine acetyl- 
transferase [P. J. Sh ronan  S. Wnston. R. \nl McCar- 
ley, iiilol. Bran Res. 38. 77 (I996Il. 
We wished to test the iiypothess that adenosne 
exerts a select~vely stronger Influence on neurons 
that are n tmatey related to sleep-wakefulness con- 
trol: we chose choinergc neurons for study became 
our In vtro data indcate that adenosne exerts pov!- 
erful nhibitory effects on then.  
The lnobile phase conssted of 8 mM NaH,PO. In 8% 
methanol (pH = L), w~th a flow rate of 80 pl'm~n pro- 
duced by a B~oa~ia l~ t~ca l  Systems (BAS. West Lafay- 

\vwu..sciencemag.org SCIENCE VOL. 216 23 hiAY 1997 1267 
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n e  period that preceded the drug adninistration. 

3. EEG power spectral anayss was performed durng 
ACSF perfuson, durng perf~lson v ~ t h  1 p M  NBTI in 
the basal forebrain and thalamus, and during recob- 
ery sleep after 6 hours of v~akefuness. Pareta EEG 
screw electrodes were used for EEG a c q u ~ s ~ t ~ o ~ i .  The 
data were filtered at 70 Hz (low-pass f te r l  and 0.3 Hz 
(hgh-pass f te r l  w th a Grass electroencephalograph 
and were continuously sampled at 128 Hz by a Pen- 
t u n  Incroprocessor computer v ~ ~ t h  a Data-\.o!abe 
(Data-Wane Technology, Longmont, CO) system. 
Absolute total power was calculated for the frequen- 
cy range betv~een 0.3 and 55 Pz. Five dlfferent fre- 
quency bands were used to calculate the relat~ve 
power: delta. 0.3 to 4 Hz; theta, 4.1 to 9 Hz: alpha, 
9.1 to 15 Hz: beta, 15.1 to 25 Hz: and gamma, 25.1 
to 55 Hz. After basal forebrain NBTI perfuson, the 
reIatlsve pov!er v!as signfcanty increased In the delta 
and decreased In the theta, alpha, beta, and gamma 
bands (P < 0.04: nonparametrlc Wllcoxon matched 
pars sgned-ranks test, used because of nonnor- 
na i ty  of data]. There was no change in power In any 
frequency band after NBTI nfuson In the thalamus. 

6, In ebatratng -he ohys,ooglca reebance of adenoslne a: 
varlous concentratlons ~t 1s Important to note that In 
b,tro data from our aboratoty {3) demonstrated that 
endogenous adenosne had a conssrent n h b ~ t o ~ j  ef- 
fect on chonerglc neurons. These data ~ n o y  that ade- 
nosne's ohys~oogca effects n v~vo are to be exoected 
at basene thai IS, v!~thout sleep depovaton or NBTI. 

Ralnne et a1 (31 d d  not measure endogenous adeno- 
sne concentratons, and thus the precse insb8tro e'iects 
of doubling adenosine concentratlons have not yet 
been speclfled, although t 1s known that there are pro- 
gresslve ncreases In n h ~ b ~ t ~ o n  of cholinerglc neurons 
(beyond that seen f ro~r  the endogenous nhlbltory ef- 
fect, wth ncreasng concentratons of exogenously ap- 
plied adenosne. Furthermore, we beeve that the ac- 
tons of adenosine that we have found 11 anmal studes 
apply also to humans First, the ncrease in EEG seep- 
ness with Increasing duraton of wakefulness has been 
documented In humans ( I ) .  Second, the adenoslne 
physoogy and pharmacology of expermental anmals 
and of humans appear to be comparabk [see rebles$!s In 
(A-71 and also L J. Findley, M Boykln, T Faon, L. 
Belardneli, J Appi Physioi. 65, 556 (19881, and H L 
Haas, R G. G8.eene, M G Yasargil V. Chan-Palay, 
Neuroscr. Anstr. 13, 155 (198711. Fnaly, the adenosne 
antagon~st ca4ene ncreases v~akefulness in for i ia ex- 
permental studes [see (71 and H. P Landot D J. Djk, 
S. E. Ga~ls, A. A. Borbely, Neuropsychopharmacoiogy 
12, 229 (1 99511 and, as with the adenosne antagonst 
theophylne, consttutes the sleep-deayng ngredent In 
coffee and tea 

17. Changes In the entre reatbe power spectrum v ~ t h  
NBTI nfuson and In recobery sleep after prolonged 
v!akefuness were. for each band, In the same drec- 
t on  (n = four anmas).  

1 8. P H. \PP!LI R. A Barraco, J. \nl, Ph~llis, Gen. Pi7arniacol. 
15, 251 (19841, R. Padua, J D Geger S. Danbock, J 
I. Nagy J. Neurochem 54,1169 (19901, J. G Gu and J 
D Geiger, b id  58, 1699 (19921 Both I?'-methyo-as- 
partate receptor agonsts [C G. Craig and T D. Whte, 
J Phar~nacol t3p. Ther 260, 1278 (1992,: J, ~Neuro- 
che~n 60, 1073 (1993,l and agonists that ncrease 
adenosne 3'.5'-nonopliosphate [R. \PP!. Gereau and P. 
J. Conn, Neuron 12, 1121 (199L,: P. A Rosenberg R. 
Knov!les, Y. Li, J. rlieurosc~ 14. 2953 ( I  99L)I night also 
ncrease extracellular adeonosne concentratons by n -  
creasng extraceuar adenine nuceotdes that are ca- 

tabozed to adenosine by 5'-ectonucleot~dase (also a 
potenta modulato~j target] 

19 Ths possiblity has recently been revewed by J M. 
Brundege and T. V. Dunv! ddle [J Neurosci. 16, 
5603 (1996)], who also probded drect ebidence for 
the poss~b~l~ty that an increase In intraceluar adeno- 
sne (either by exogenous adenosne or nhb i tng 
netabo sm of endogenous adenosne) could lead to 
an increase In extracellular adenosne and t s  actons 
on receptors. 

20 \I C de Sanchez e t a i ,  BI-ain Res 612, 115 (1 9933: 
J. P. Huston et a 1  Neuroscience 73 ,  99 (1996,. 
Adenosine appears to have a tghter linkage to sleep 
after wakefulness than do other p~ l ta tve SWS fac- 
Tors [see revlev, by J M. Krueger and J. Fang, In 
Sieep and Sleep Disorders From ,Pdolecule to Be- 
havior. 0 Hayaish and S lnoue, Eds (Academ~c 
Press and Harcouri Brace, Tokyo, Japan, In press)]. 

21 It is also possible that adenosne's effects In the neocor- 
tex may be drecty attenuated by chonergc receptor 
actvation, as has been shown in the hppocanpus [P 
F. \/\!orley J. M. Baraban M McCarren, S. H. Snyder, 
B. E. Alger, Proc. R'atl Acad. Sci. U S.A 84, 3 6 7  
(1987)l Thus, adenoslne's drect nhb~tory effects on 
chonergc somata n g h t  be enhanced by a conse- 
quent d snhbtlon of adenosne's effects on neocortcal 
neurons. The specificty of sleep-wakefulness effects of 
NBTI does not support the idea that adenosine's effects 
result from a global acton on brain neurons, as suggest- 
ed b)~ J. H. Benington and H. C. Heler [Prog Neurobio'. 
45, 3L7 (1 99511. 
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Gene Expression Profiles in 
Normal and Cancer Cells 

Lin Zhang,* Wei Zhou," Victor E. Velculescu, Scott E. Kern, 
Ralph H. Hruban, Stanley R. Hamilton, Bert Vogelstein, 

Kenneth W. Kinzler-i- 

As a step toward understanding the complex differences between normal and cancer 
cells in humans, gene expression patterns were examined in gastrointestinal tumors. 
More than 300,000 transcripts derived from at least 45,000 different genes were ana- 
lyzed. Although extensive similarity was noted between the expression profiles, more 
than 500 transcripts that were expressed at significantly different levels in normal and 
neoplastic cells were identified. These data provide insight into the extent of expression 
differences underlying malignancy and reveal genes that may prove useful as diagnostic 
or prognostic markers. 

M u c h  of cancer research over the  past 50 
years has been devoted to analyses of genes 
that are expressed d i f f e re~ l t l~  in tumor cells 
as compared with their llormal counter- 
parts. Although hundreds of studies have 
pointed out Jiffesences in  the  expression of 
one or a fe\v genes, n o  comprehensive study 
of gene expressio~l ill cancer cells has been 
reported. It is therefore not known how 
Inany genes are expressed differentially in 
tumor versus normal cells, whether the  hulk 
of these differe~lces are cel l -a~~to~lornous 

rather than depelldent 011 the  tumor tnicro- 
environment, and whether most differellces 
are cell type-specific or tumor-specific. 
Technological advances have made it pos- 
sible to  answer such questions through si- 
multaneous analysis of the expression pat- 
terns of thousands of genes ( 1 ,  2) .  In this 
study, using normal and neoplastic gastro- 
intestinal tissue as a prototype, we analyzed 
glohal profiles of gene expression in human 
cancer cells. 

WJe used the  recently developed method 


