
I11 coillbillatioll with work in rocky inter- t a m e  of recruitillellt l i i~~i ta t ion puts us a Structure, filonographs in population ~ i o i o g y  (Prince- 

tidal (12). grasslaild (13. 14). and other sigllificallt step closer to understanding the ton Univ. Press, Princeton, NJ,  1982). 
4. R. A. Armstrong and R. McCehee, Am. Nat. 115, 151 habitats (IT). this new work suggests that nlystery of Eal-thb high diversity. This inys- (1980), 

local recruitlllellt lilllitati~ll lllay be a ~1111- tery Ivas of only acadelllic illterest 40 years 5. P. L. Chesson, in Community E C O ~ O ~ Y ,  j. Diamond and 

versa1 feature of sessile species. The issue, ago, but the preserl ation of Earth's dixrsi- T. Case, ~ d s .  (Harper and R o i ~ ,  NY, 1986) .  pp.  
240-256. ~loxv, is which of at least three altenlative re- ty is an illcreasingly inlportailt societal ,, , H, janzenrAm, Nat, 104, 501 (1970), 

cruitnleat-limitatioll l~ypotheses actually ex- goal. Habitat destructioll and fragments- 7, H, s ,  Horn and R, H, MacArthur, Ecoloev 53, 749 
plains the high-local diversit). of such habi- 
tats. Is dix.ersity lnaintairled bj. a trade-off 
behxeen recruitinent ability versus competi- 
tix.e ability (H)? 01; does recruitllleilt limita- 
tion allow local coexistellce of suecies that 
already are capable of regional coexistellce 
(9)? Or. does reci-t~itment linlitation so sloa. 
the rate of competitive displacelllellt that 
high-local diversity can be maiatained. 
~vithout any such trade-offs. by a regional 
equilibrium b e h ~ e e n  extinction and the e1.o- 
lutioll of new species ( I  (i)'? O c  is there a di- 
versity of explanatiolls for diversity'? 

The growing consensus 011 the iinpor- 

tion, iavasions by exotic species. and nutri- 
ent pollutioll all cause loss of local dixersih 
and species extinctions. Our ability to pre- 
serl-e lllaxiillal diversity in the face of this 
increasingly great humaa dolllination of the 
n-orld's ecosystems, however, requires a 
much inore colllplete uilderstaildi~lg of di- 
versity. The causes and conservatioa of 
Earth's di\ ersity reillail1 one of the greatest 
challenges facing ecology and society. 
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Energy on Demand 
Pierre 1. Magistretti, buc Pellerira, Douglas L. Rothman, Robert G. Shulman 

H 
ow does the coordinated activity of 
neurons trallslate into a sellsation 
or a thoughtc? Experilllental meth- 

ods to address this central question of neu- 
roscience range from characterizatioll of 
the lllolecular and cellular basis of neu- 
ronal actil-ity to noaia~asive studies of the 
li\-ing animal. Recent techniques that call 
image  the f ~ ~ n c t i o i ~ i a g  b ra in  o f fe r  a 
psornising bridge betlveen the cells and 
molecules of neurosciellce and the com- 
ule-xlties of the mlnd. 

Through positron enlissioll tomography 
(PET) and functioilal inaglletic resonance 
imaging (fhlRI). it is now possible to see 
"the brain at n-orlc." to visualize n,hich 
brain areas are acti\.ated (and in certain 
cases inhibited) by specific taslcs. The spa- 
tial and tenlporal resolution of PET and 
fh1RI provide an illterlllediate step in link- 
ing ileuroilal acti~rity to beha\-ior: The sig- 
nals detected reflect the actilitv of neu- 
ronal enselnbles in -1 mm3 ~vi th  acquisi- 
tion tiines as short as seconds. Until re- 
centl~; hon.e\-er. it has not been clear ex- 
actly lvhat ileurollal activity is ineasured in 
PET and f n ? N  experimeats. 

The basic principle of brain imaging 

\vas formulated by Sherrington lllore than 
a century ago. \vhen he suggested that 
neuronal activity and energy metabolism 
are tightly coupled. Indeed PET and fhlRI 
do not detect brain actil-ity directly but 
rather ineasure signals that reflect brain 
energy consumption. How then is neu- 
renal activity related to these ineasures of 
energy consumption'? Energy is deli\-ered 
to the brain by the oxidation of glucose 
from the blood. PET n~onitors changes in 
blood flow. glucose usage, or oxygen con- 
s~unption. while fn?RI signals reflect the 
degree of blood oxygenation and flolv. 

Thus. the inetabolic signals detected by 
fullctiollal brain iillagillg teclllliques bring 
us part way to understanding ho\v neu- 
ronal processes such as action potentials 
and neurotransmitter release lead to a gi\-- 
en brain activity and its resulting beha\-- 
ioral state. To mal<e further progress, it has 
been essential to identify and quantitate 
the specific cellular and molecular mecha- 
nisms of lleurollal activity that are coupled 
to energy metabolism. 

New data obtained in vitro and in x-ivo 
have identified the neurotrailslllitter gluta- 
inate and astrocyfes, a specific type of glial 
cells. as nivotal elements in the stoichiomet- 

Glutamate. by far the donliilallt excita- 
tory lleurotrailsillitter of the brain, is re- 
leased by -90°/*0 of the ileuroils during ex- 
citation, after \vhich it diffuses across the 
synaptic cleft and is recognized by recep- 
tors on the postsyaaptic ileuron (see the 
figure). Glutaillate released froin neuroils 
inust rapidly be sealoved from the s w a p -  
ses to set the stage for the next transmis- 
sion. This is primarily accomplished by a 
highly efficient uptake systeill in the astro- 
cytes that surrouild every glutalllatergic 
synapse (see the figure). Glutalllate is talc- 
en up by astrocytes via specific traas- 
porters that use the electrocheillical gra- 
dient of N a  as a driving force, resulting 
in a tight couplillg between glutamate 
and Na '  uptalce ( I )  (see the figure). The 
astrocyte is then confronted with a dual 
task: disposing of glutamate and reestab- 
lishing the Na- gradient. The gradient is 
inai~ltailled by activation of the Na-- and 
K--depeadent adeilosille triphosphatase 
(Na'.K+-ATPase). and glutamate is con- 
verted into glutamiae, a reaction catalyzed 
by glutalnine synthetase. Glutanline is 
subsequently released by astrocytes and 
talcea up by neuronal termiaals. \vhere it is 
enzyinatically reconverted to glutamate to 
replenish the lleurotrallsinitter pool of glu- 
tainate (see the figure).  Both glutal~line 
swthesis and the Na+,K -ATPase require 
adellosine triphosphate (ATP). There is 110 

mechanism for ATP exchaane between as- 
, &  L 

P, ,, Magistretti and L, Peiierin are at the lnstitut de ric coupling of energy-requiring neurollal trocytes and neurons. so each cell illust 
physiologic, university of iausanne, CH-,005 iausanne, activities and energy metabolism. These re- supply its o\vn energy. 
Switzeriand. E-mail: pierre.magistretti@iphysioi.unii,ch, sults have related filnctional iillaging signals Astrocytic end-feet. enriched in glucose 
R.C.shuiman is in the Department of  Moiecular Bio- and brain energy llletabolislll to specific transporters. cover virtually all capillary 
physics and  B iochemis t ry ,  Yaie Un ive rs i t y ,  N e w  ileurotrallslllitters and thereby suggest novel ~valls in the brain (see the figure). Thus, the 
Haven, CT 06520, USA. D. L. Rothman is in the  Diag- 
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ropil provide these cells with the necessary 
functional connections to sense synaptic ac- 
tivity and to couple it with glucose uptake. 
Experiments in pure cultures of astrocytes 
have provided the necessary molecular res- 
olution to analyze this coupling (2, 3). Acti- 
vation by glutamate of its transporter stimu- 
lates glucose uptake into astrocytes; glu- 
cose is processed glycolytically, resulting in 
the release of lactate as an energy substrate 
for neurons. One glucose consumed by gly- 
colysis to lactate produces two ATP 

mediated synapti;m 
sion and glucose usage. _-  
rate of TCA we; V* 
neurotransmitter we. 

flow of carbon derived from [l-l3C]glu- 
cose into the brain glutamate and glu- 
tamine pools. This flux, with very small 
corrections, directly measures the gluta- 
matelglutamine (glulgln) cycle, hence, 
reflecting the degree of activity at gluta- 
matergic synapses (6). In the same ex- 
periments, the rate of the tricarboxylic 
acid (TCA) cycle (VTCA) was determined 
from the incorporation of labeled 
[l-'3C]glucose into cerebral glutamate. 
One-half of VTCA is a measure of the cor- 

4 
Glu - 

e 
' - Glu 

molecules. One ATP is used by the Na+,K+- 
ATPase for the extrusion of three Na+ ions; 
the other ATP is used for the synthesis of 
glutamine from glutamate. Lactate so pro- 
duced may be either oxidized in the astro- 
cyte or released for oxidation in the neuron 
(4, 5). This cascade of molecular events 
provides a direct mechanism for coupling 
glutamate-mediated synaptic transmission 
with glucose usage, one of the signals de- 
tected by PET imaging (2). 

Nuclear magnetic resonance (NMR) 
experiments with I3C have provided evi- 
dence of this molecular and cellular cou- 
pling in the intact cortex and have estab- 
lished the stoichiometry of glucose con- 
sumption and glutamate/glutamine cy- 
cling. The flux from glutamate to astro- 
cytic glutamine (VcYcIe) was measured in 
rat and human cortex by measuring the 

tical glucose oxidation rates (7). The en- 
ergy demands of glutamatergic neurons 
are shown by the NMR measurement to 
account for 80 to 90% of total cortical 
glucose usage (6) .  

As a means of measuring the relation- 
ship between glucose consumption and glu- 
tamate neurotransmitter cycling, the rates of 
VcYcIe and glucose oxidation ('t2VTCA) were 
measured in vivo in anesthetized rats under 
a range of brain activities from deep isoelec- 
tric (meaning no electroencephalographic 
activity) to awake. The results fit well to a 
linear equation: 

in units of micromoles per gram per 
minute. The intercept (when VC,,, = 0) re- 
flects the small fraction ( ~ 1 5 % )  of glu- 

cose oxidation not coupled to the glulgln 
neurotransmitter cycle. The experimental 
results of one glucose consumed for each 
glutamate cycled in vivo agrees with ex- 
pectations from the proposed model of 
astrocytic clearance of glutamate, indicat- 
ing that glutamate neurotransmitter cy- 
cling is the major mechanism for driving 
cortical glucose usage (6). Preliminary 
results on human cortex yield similar sto- 
ichiometries (7). 

The large flux through the glulgln cy- 
cle supports a model in which much of 
the glucose metabolism measured in 
functional imaging studies is coupled to 
glutamate-driven astrocytic glucose up- 
take, as described in the figure. If, as 
seems likely, this model holds during 
neuronal activation, then the major frac- 
tion of the changes in glucose usage mea- 
sured by functional imaging in these 
studies will be directly related to excita- 
tory glutamate neurotransmitter release. 
Other neurotransmitter systems can also 
be incorporated into this model. The pri- 
mary inhibitory neurotransmitter y- 
aminobutyric acid (GABA) flows in a 
similar neurotransmitter cycle between 
neurons and astrocytes. Because GABA 
is now routinely measured by in vivo 
NMR (8 ) ,  the relationship between 
GABA release and glucose oxidation is 
also quantifiable. 

Quantitation of neurotransmitter cy- 
cling through brain imaging can be ap- 
plied to studies of cognition and behavior. 
At present, functional imaging identifies 
the location of changes in brain activity 
but provides no insight into the total neu- 
ronal activity involved in a process: As a 
consequence, the study designs and inter- 
pretations are based on psychological 
studies and have rarely incorporated the 
biological information implicit in the im- 
age (9). The results summarized here 
promise a functional imaging that links 
psychological understanding of behavior 
and cognition with neurobiology so as to 
understand functional regulation at the 
synaptic level. 
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